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A b s t r a c t
A b st r a c t
In recent years, the defected ground structure (DGS) has found numerous 
applications in the design and improvement of microwave circuits including amplifiers, 
filters, couplers and oscillators. DGS has the attractive benefits of band rejection, 
alleviation of the difficulties of fabricating high impedance microstrip lines and size 
reduction, owing to its inherent resonance, high characteristic impedance and high 
permittivity features. However, in the design of many DGS patterns, there exists a small 
centre slot that would be difficult to fabricate with inexpensive PCB fabrication 
techniques if steep attenuation slope for good filtering applications is desired. 
Furthermore, current DGS patterns would require either a large etched area, or very fine 
centre slot width to achieve resonance for low microwave frequency operations.
Following from knowledge of the limitations of current DGS patterns, the 
research activities in this thesis focus on the design of novel DGS patterns that alleviate 
fabrication difficulty and achieve lower resonance in a compact size. Two novel DGS 
patterns are proposed for the first time: one without the narrow centre slot, so as to 
provide ease in fabrication, and the other for achieving low resonance in a compact size 
that is easily fabricated with conventional PCB fabrication techniques. The simulation 
and experimental work in this research are based upon analysis using fundamental 
physical principles.
Empirical results are reported, which show that the first novel DGS pattern 
achieved the same frequency response as a dumb-bell shaped DGS pattern with a centre 
width almost five times larger than the centre slot width of the latter. In addition, the 
frequency response of the novel DGS pattern was shown to be less susceptible to 
fabrication errors in its centre width. Measured results of the second novel DGS pattern 
showed a 1.32 GHz reduction in resonant frequency compared to a dumb-bell shaped 
DGS pattern with a slot width of 0.3 mm. In contrast, the smallest dimension in the 
second novel DGS pattern was only 0.5 mm. When compared to a DGS pattern with
A b s t r a c t
enlarged etched dimensions to achieve the same lower resonance, the second novel DGS 
pattern was shown to be 50% smaller in total etched area. The second novel DGS pattern 
exhibited a symmetric frequency response that is suitable for band-stop filter applications 
at low microwave frequencies. This symmetry in the frequency response overcomes the 
difficulty of an asymmetric frequency response for a DGS pattern with enlarged etched 
dimensions, that is reported in this thesis, and therefore limits the use of such a pattern as 
band-stop filter.
Finally, a potential application of DGS to a two-section impedance transformer 
was investigated and confirmed by practical measurement. The high characteristic 
impedance of 141.4 Q required for the second quarter-wave section, which corresponds 
to a line width of 8.54 um on a conventional microstrip, was easily fabricated with PCB 
fabrication technique when DGS was implemented on the impedance transformer. The 
fabricated DGS transformer exhibited a return loss >15 dB with a bandwidth of 800 
MHz.
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1 L it e r a t u r e  R e v ie w
1.1 In t r o d u c t io n
Over the last two decades, ^Photonic Bandgap’ also commonly abbreviated as 
PEG, has become a well received and recognised concept in the optics field. The 
discovery of PEG has revolutionised optical communication systems and led to numerous 
new applications that can realise fast and efficient communications. It was not until 
recently that the concept of PEG appeared in the scene of microwave circuits. The arrival 
of PEG in the microwave field led to the development of the 'Defected Ground 
Structure' (DGS) that is now commonly found in the design of many microwave circuits. 
However, existing DGS designs all include narrow slot widths in their designs, which is 
difficult to fabricate. Hence, these DGS patterns require stringent fabrication tolerances 
to produce repeatable performance. This issue is further complicated by the fact that it is 
necessary to reduce the slot width of existing DGS patterns in order to achieve steep 
attenuation slopes for good filtering performance.
This three year PhD research was therefore structured to investigate the 
complications and problems with existing DGS designs which then led to the 
development of novel DGS patterns to overcome the existing difficulties. In addition, a 
new potential area of application using the DGS in a two-section impedance transformer 
was explored in this research.
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1.2 Pr o je c t  O v e r v ie w
Although the dumb-bell shaped DGS pattern is widely implemented, it has its 
own limitations which are discussed in later sections. To achieve good stop-band 
characteristics, new simple and easy to fabricate DGS patterns are needed. Therefore, this 
research was aimed at developing novel DGS patterns to overcome the limitations of 
fabricating narrow slot width, and the occupation of large circuit space by DGS at low 
microwave frequencies. Ultimately, simplicity and ease of fabrication will allow the use 
of cheap fabrication equipment and process to manufacture the DGS circuits. Figure 1.1 
provides an outline of the project activity and research methodology that was used over 
the three year period of this PhD research.
Literature review:
1. To obtain steep attenuation slope, 
the width of the slot must be 
reduced, which then results in 
difficulty in fabrication with cheap 
fabrication equipment and process.
2. Occupation of large circuit space 
by current DGS pattems at low 
frequency operations.___________
Establish objectives:
1. Develop a novel DGS pattern that 
does not require stringent slot width 
fabrication.
2. Develop a novel DGS pattern that 
would occupy less circuit area for 
low frequency operations.
Analysis of existing DGS pattems
Investigation of new, proposed DGS 
patterns through parametric study.
Simulation of new designs
Experimentation to confirm 
simulation results
Refinement of new designs
Confirmation of new technique
Figure 1.1. Outline of research objectives and methodology.
Two novel DGS pattems were proposed, investigated and developed during this 
research. One of the novel DGS pattems replaced the narrow slot with a circle that has a 
larger dimension for the same frequency response. Hence, there is no requirement for
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stringent fabrication tolerances dictated by the narrow slots of existing designs. Due to 
the complexity in computing the inductance and capacitance of a DGS circuit, an 
electromagnetic (EM) simulator was employed to carry out the investigations before the 
new DGS pattern was verified experimentally.
The second DGS pattern involved leaving conductor square patches within the 
etched square areas to increase the effective capacitance. Thus, the resonance of the DGS 
pattern would be lowered, and would not require the enlargement of its etched square 
areas to achieve the same objective. This new pattern was then simulated and the 
predicted performance confirmed through practical measurement. Details of these 
investigations, simulations and practical work are provided in the core chapters of this 
thesis.
Finally, a new potential area of application using the DGS in a two-section 
impedance transformer was explored and confirmed experimentally, and this is reported 
at the end of the thesis.
In summary, the requirements and objectives of this three year PhD research have 
been met successfully. The investigations, simulations, interpretations and practical 
measurements made over these three years have been carefully structured and compiled 
into this PhD thesis.
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1.3 A B r ie f  H ist o r y  o f  Ph o t o n ic  B a n d g a p  Cr y st a l s
The success of electronics lies mainly in semiconductor materials. Semiconductor 
materials are inherently crystals and therefore, they possess a structure with a periodic 
arrangement of atoms. Due to the nature of the crystalline lattice in semiconductors, there 
exist forbidden energy bands in which electrons are not allowed to pass through. Being 
able to control these forbidden bands is one of the main challenges in contemporary 
electronic technological advancements.
In the late 1980s, Yablonovitch [I] investigated the possibility of forbidden 
energy bands in photonic materials just like the inherent crystalline structure in 
semiconductors. The interest in photonic materials arises from that fact that light in 
optical fibres can achieve much higher frequencies than electromagnetic waves in copper 
wires because of the low attenuation over fibres. Hence, traditional electronic systems 
such as telephones that used twisted pair cables in the past are limited to a low voice data 
transmission speed of 56000 bits per second. In comparison, optical fibres enable higher 
data transmission speed (Giga bits per second) due to the fact that a broader range of 
frequencies, where each range of frequencies is utilised as a transmission channel, is used 
to transmit more data on the same fibre without much attenuation. In addition, unlike 
signals on electrical cables or wires, data transmitted by light on optical fibres are 
immune to electrical noise interference and therefore, will not become distorted at the 
receiving end. Due to the benefits of optics just mentioned, communications over wide 
geographical areas nowadays are implemented by undersea fibre networks to provide 
high fidelity and high speed internet data transmission, video conferencing and multi- 
media data transmission.
The whole idea behind the investigations by Yablonovitch [1] was to design 
photonic materials so that they can affect the properties of photons just like the same way 
semiconductor crystals affect the properties of electrons. In doing so, photons will 
encounter some forbidden bands which they will not be allowed to pass through. 
Controlling the propagation of light is thus possible with this revolutionary concept.
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Yablonovitch [1] suggested that if there are periodic variations in the dielectric constant 
of the material, the nature of photonic propagation will be influenced. The aim of 
Yablonovitch [1] was to control the radiative properties of materials to prevent 
spontaneous emission in photonic devices and would therefore lead to more efficient 
semiconductor lasers and light emitting diodes. A new type of photonic material was bom 
and these materials are known as Photonic Bandgap (PEG) Crystals.
Photonic Bandgap Crystals can take the form of one dimension, two dimensions 
or even three dimensions. In order to realise the periodicity in structural arrangement, 
arrays of ‘defects’ or patterns have to be fabricated artificially in the materials.
In 1991, Yablonovitch [2] successfully constructed the first 3-D PEG structure 
that possessed the characteristic of complete bandgap in all directions. Certain 
frequencies of the incident wave were rejected regardless of the angle of incidence on the 
plane of the structure. This stmcture was composed of periodic artificial diamond like 
lattices. In order to synthesize the diamond shape, three circles were drilled in the 
dielectric medium along three of the axes of the diamond lattice shown in Figure 1.2 (see 
overleaf). The 3-D PEG structure exhibited a bandgap of about 20% of its centre 
frequency.
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(a) (b)
Figure 1.2. The first 3-D PBG structure constructed by Yabonovitch [2] (a) a single 
artificial diamond lattice where the dotted circles represent the position where the 
holes were drilled (b) the complete 3-D PBG structure showing how the artificial 
diamond lattices were realised by drilling at different angles in the underlying 
dielectric material (Source: reference [2]).
There are several advantages PBG Crystals can offer. Optical fibres often have 
embedded periodic ‘defects’ in them to achieve PBG effects. Conventional optical fibres 
have very high reflective index at their core which confines light by total reflection. With 
photonic bandgap fibres, light travels along a central hole in the fibre confined by the two 
dimensional bandgap of the surrounding material [3]. As a result, more optical power can 
be delivered through the central void rather than glass, enabling greater information 
carrying capacity because of the even smaller attenuation than conventional fibres, where 
light is attenuated by the total internal reflection transmission process.
Traditionally, the method of controlling light in optics has always been total 
internal reflection. The mechanism of total internal reflection relies on reflection of
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incident light between two dielectric mediums, one with a higher dielectric constant and 
the other with a lower dielectric constant. The incoming light propagates along the higher 
dielectric constant material surrounded by the other lower dielectric material. The 
propagation path of the light is mainly kept confined along the higher dielectric constant 
material by multiple reflections at the interface between the higher and lower dielectric 
constant materials. This forms a limitation for the minimisation of optical components 
because the interface has to be smooth. Any small discontinuities can cause large 
reflections and interfere with the incoming light. With the inception of Photonic Bandgap 
Crystals, control of light is by multiple reflections at every interface of the periodic 
‘defects’ (this effect will be described in greater detail in the following section). 
Minimisation of optical components is therefore realisable with this new method by 
designing PBG optical components with bends (see Figure 1.3) to form a more compact 
size and still be able to control the routing of light in a specific direction; which would 
otherwise be impossible in conventional optical components that require straight smooth 
interface in their designs.
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Figure 1.3. A photograph of a compact optical splitter with bends, made possible by 
implementing PBG structures to control the routing of light in the desired directions 
(Source: reference [42]).
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Another major contribution of PBG Crystals to optical telecommunication is the 
way the data is routed. In a conventional optical communication system, routing of data 
to other directions is achieved by converting the optical signal to electrical signal and by 
means of electrical switching, the signal is then directed to the desired path before 
converting the electrical signal back to optical signal. The limitation of using electrical 
switches in optical communication systems is the result of significant decrease in data 
transmission speed. Routing data seamlessly in an optical communication system is now 
possible with Photonic Bandgap Crystals replacing the electrical switches.
The next section describes an important principle known as the Bragg diffraction, 
which is essential to understand the phenomenon behind Photonic Bandgap.
1.4 B r a g g  D iffr a c t io n
When a light is incident to a Photonic Bandgap Crystal, the light will encounter 
reflections at every interface between the periodic arrays of ‘defects’. A bandgap effect 
arises if the reflected waves are in phase with one another, so that the reflected waves 
combine constructively and cancels out with the incident wave. Therefore, no 
propagation of wave is possible through the material. On the other hand, if the reflected 
waves are out of phase, they cancel out with one another and the incident wave is able to 
pass through the material without any interference from the reflected waves. Figure 1.4 
on the next page illustrates this point.
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photonic bandgap material
Incident wave
reflected
waves
•  •  •
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Figure 1.4. Light encounters multiple reflections as it propagates through a periodic 
structure.
Whether the waves interfere constructively or destructively depend on the 
wavelength and the angle of incidence of the light. For certain wavelengths and certain 
angle of incidences, the Photonic Bandgap Crystal reflects the incoming light while for 
others it allows the incoming light to pass through. The same phenomenon is observed in 
the diffraction of X-rays by the atomic planes of a natural crystal. The only difference lies 
in dimensions of the artificial periodic structure in Photonic Bandgap Crystals and atomic 
structure in natural crystals. The phenomenon of scattering of waves by periodic 
structures is known as Bragg diffraction [4].
William L. Bragg was the scientist who first discovered the diffraction of X-rays 
in natural crystals and hence the name Bragg diffraction (Figure 1.5).
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ray 1
ray 2
Figure 1.5. Bragg diffraction illustrating the reflection of rays at the planes of a 
periodic structure.
To explain this phenomenon of coherent scattering, the Bragg condition is to be 
satisfied. From Figure 1.5, the path difference between ray 1 and ray 2 is AB  + BC. For 
the reflected waves to interfere constructively, the path difference {AB + BC) must be an 
integer, n multiple of the wavelength, A . In other words, the two rays must be in phase to 
combine constructively. Since AB = BC = dsinG , constructive interference will occur
when
nX = 2d  sin 6 (1.1)
where d  is the distance between the two planes of periodic lattice and 6 is the angle 
between the incident rays and the plane surface. By the same analogy, one can therefore 
apply the principle of Bragg condition observed in diffraction of X-rays on pure crystals 
to photonics. By designing the period, d  between artificial arrays of patterns in photonic 
materials and depending on the angle of incident wave, 6 , one can prevent propagation
10
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of any desired wavelength based on Equation 1.1. The Bragg diffraction hence explains 
the underlying effect in rejection of certain waves in PBG crystals and for this 
phenomenon to occur, the Bragg condition must be satisfied.
1.5 A p p l ic a t io n s  o f  Ph o t o n ic  B a n d g a p  in  M ic r o w a v e  
Pl a n a r  C ir c u it s
After the discovery of Photonic Bandgap Crystals, the concept of PBG soon 
found applications in the microwave and millimeter-wave domains [5],[6]. Several useful 
applications began to be developed that provide solutions to existing problems in 
microwave and millimeter-wave circuits. The diversity and versatility of PBG range from 
the design of filters, antennas, resonators and amplifiers. The following sections 
discussed some of the microwave and millimeter-wave circuits using PBG.
1.5.1 H ig h  Im pe d a n c e  Su r fa c e s  f o r  Su p p r e ssin g  Su r fa c e  
W a v e s  in  A n t e n n a s
In the design of antennas, surface waves are undesirable effects that dramatically 
degrade the performance of an antenna. Flat metal sheets are often used as reflectors or 
ground planes in many antennas. But, one of the main characteristics of metals is that 
they support surface waves [7], [8]. Surface waves are electromagnetic waves bounded 
by the interface between metal and free space. When the metal surface is smooth and flat, 
the surface waves will not couple to external plane waves. Radiation occurs when these 
surface waves propagate along metal surfaces that are not smooth or flat. As a result, 
surface waves radiate vertically due to scattering by bends, discontinuities or rough 
surface textures. On a finite ground plane, surface waves propagate until they reach an 
edge or comer, where they can radiate into free space. This results in multipath 
interference which appears as ripples in radiation patterns. Another problem arises when
11
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multiple antennas share the same ground plane which gives rise to unwanted mutual 
coupling between surface currents.
By changing the texture of the metallic conducting surface, alteration of the 
properties of radio frequency electromagnetic waves is made possible. A textured surface 
based on a specially designed geometry can have high surface impedance. High 
impedance surfaces impede the propagation of surface waves and therefore eliminate any 
multipath interference. The concept of suppressing surface waves is not new. It has been 
implemented using the corrugated metal slab [9]-[ll] before. The corrugated surface is a 
piece of metal that has a series of vertical slots cut into the slab. The slab is shorted at the 
bottom and the vertical slots are a quarter wavelength deep. The short circuit at the 
bottom is transformed by the quarter wavelength slots into an open circuit at the top end. 
Hence, the impedance at the top end is very high and surface waves are prevented from 
travelling at the top end of the metal. However, the main disadvantage of the corrugated 
slab is its difficult to fabricate structure and weight. Figure 1.6 shows a typical corrugated 
surface slab.
Figure 1.6. A corrugated surface slab that has quarter wavelength vertical slots 
transforming the shorted bottom to a high impedance at the top end. (Source: 
reference [12]).
Dan Sievenpiper et al. [12] developed a high impedance surface based on the 
concept of PBG. This new high impedance surface consisted of a periodic array of metal 
protrusions that formed a triangular lattice of hexagonal metal plates on a flat metal sheet 
as shown in Figure 1.7.
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(a)
»
(b)
Figure 1.7. (a) Cross section of the new high impedance surface (b) Top view of the 
high impedance surface (Source: reference [12]).
The new high impedance surface was a two dimensional lattice and could be fabricated 
easily using printed circuit board technology. The protrusions at the top of the metal 
surface were metal patches which were connected to the bottom by metal plated vias. 
This structure gave rise to a parallel resonant circuit that prevented the flow of current 
along the sheet at the resonant frequency.
Dan Sievenpiper et al. [12] applied their new high impedance surface to a vertical 
monopole antenna. A simple vertical monopole antenna has a centre conductor fed by a 
coaxial probe forms the radiating wire and the outer conductor is shorted to the metal 
surface which acts as a ground plane. Figure 1.8(a) illustrates the effect of multipath 
radiation of a conventional vertical monopole antenna due to surface waves. The 
conventional antenna was built with a length of 3 mm and the area of the finite ground 
plane was 5 cm^. The frequency of measurement was at 35 GHz. As mentioned earlier, 
surface waves radiate from edges and comers of a finite ground plane. The combined 
radiation from the centre conductor and the ground plane edges formed a series of 
multipath lobes as shown in the radiation pattern in Figure 1.8(b).
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Figure 1.8. (a) The effect of surface waves on a vertical monopole antenna which can 
cause multipath interference (b) Multipath interference appeared as ripples or lobes 
in the corresponding radiation pattern (Source: reference [12]).
Also notice there was considerable radiation in the backward direction in Figure 1.8(b). 
The backward radiation was due to radiation at the edges of the finite ground plane which 
caused significant wasted power. With the ground plane replaced by the new high 
impedance surface, the radiation pattern improved considerably. The high impedance 
surface had a thickness of 1 mm with a period of 1.4 mm between the metal patches. 
Radiation pattern in Figure 1.9(b) evidently shows that the radiation profile of the 
monopole antenna implemented with the high impedance surface was much smoother 
than its conventional counterpart (Figure 1.8(b)). This smoother radiation pattern was 
attributed to the absence of multipath interference which implied the suppression of 
surface waves. Moreover, there was less radiated power in the backward direction as 
shown in Figure 1.9(b).
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Figure 1.9. (a) Vertical monopole antenna with high impedance surface as its 
ground plane, (b) Corresponding radiation pattern showing smooth profile 
indicating suppression of surface waves and also evidently, there is less radiated 
power in backward hemisphere (Source: reference [12]).
Dan Sievenpiper et al. [12] then went further and applied their high impedance 
surface to a patch antenna. A comparison was made between a conventional patch 
antenna with a normal metal ground plane and the patch antenna with the implemented 
high impedance surface. The patch antennas were fed by a coaxial probe and the outer 
conductor of the probe was connected to the ground plane. In Figure 1.9(a), the outer 
conductor of the probe was connected to the normal metal ground plane while in Figure 
1.10(b), the outer conductor was connected to the high impedance ground plane.
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Figure 1.10. (a) Patch antenna on a normal metal ground plane (b) Patch antenna 
implemented with high impedance ground plane (Source: reference [12]).
In both cases, the substrate had a dielectric constant of 10.2 and a thickness of 0.625 mm. 
The patches were circular with a diameter of 3.5 mm. The overall dielectric size for both 
was 5 cm^. The patch in Figure 1.10(b) was separated from the triangular lattice of metal 
plates that formed the high impedance surface by a guard ring of 3 mm of bare dielectric. 
The triangular lattice had a period of 2 mm which gave a bandgap of about 12-16 GHz.
The patch antenna in Figure 1.10(a) was very much like the vertical monopole 
antenna with normal ground plane because both allowed the propagation of surface 
waves which led to degradation in their radiation patterns. In comparison, surface waves 
were suppressed by embedding the patch in the high impedance ground plane. The 
radiation patterns of the two patch antennas measured at 13.5 GHz are shown in Figure 
1. 11.
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Figure 1.11. Radiation patterns of patch antennas on two different ground planes (a) 
H-plane patterns (b) E-plane patterns (Source: reference [12]).
From Figure 1.11, the patch with the normal ground plane had significant radiation in the 
backward direction shown in both H-plane and E-plane radiation patterns. On the other 
hand, the patch embedded with the high impedance surface had little backward radiation 
and displayed a much smoother radiation profile in both E-plane and H-plane.
Ramon Gonzalo et al. [13] enhanced the performance of a microstrip patch 
antenna by suppressing surface waves using PBG substrates. The patch antenna was 
fabricated on a PBG substrate formed by a square lattice of air columns artificially 
fabricated in a dielectric medium. Figure 1.12 shows the top view of the abovementioned 
patch antenna on the PBG substrate. It was reported that an improvement of 10 dB gain 
was obtained for the PBG patch antenna in the forward direction, relative to a 
conventional patch antenna measured at 2.23 GHz. The implemented substrate for both 
the conventional patch antenna and the PBG antenna had a dielectric constant of 10 and a 
thickness of 10 mm. The backward radiation was also considerably reduced as shown in 
Figure 1.13.
17
C h a p t e r  1: L i t e r a t u r e  R e v i e w
Figure 1.12. Top view of patch antenna implemented on PBG substrate which 
consisted of periodic circular air holes in the dielectric medium (Source: reference 
[13]).
E plane
H plane Zv
E plane H plane
.45° cut
45° cut
Figure 1.13. (a) Radiation pattern of a conventional patch antenna at 2.23 GHz (b) 
Radiation pattern of PBG patch antenna showed significant reduction in backward 
radiation (Source: reference [13]).
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1.5.2 Su p p r e ssio n  o f  H a r m o n ic s  in  An t e n n a s  U sin g  
Ph o t o n ic  Ba n d g a p
The concept of PBG is also used to suppress harmonics in antennas [14]-[17]. 
Integrated active antennas, which incorporate active devices directly into the antennas are 
of increasing interest with applications in wireless LAN (Local Area Network), electronic 
tagging and vehicle collision avoidance radar. In active antennas, the introduction of non­
linear devices into such antennas can exhibit high levels of harmonic radiation. This 
adversely affects the operating efficiency of an antenna and has electromagnetic 
compatibility (EMC) implications. Many communication systems require low level of 
harmonic and spurious radiation in order to meet EMC specifications.
To overcome the problem of undesirable harmonic and spurious radiation, 
Radisic et al. [14] introduced the PBG structure on the feed line of the slot-coupled 
microstrip antenna. Figure 1.14 shows the PBG structure implemented on the feed line of 
the slot antenna.
Slût Antenna
:P- 
O ’ .
Ground PlaneDieleetiic Sutetrate
Figure 1.14. Periodic circular holes etched in the ground plane of a microstrip feed 
line to suppress harmonic and spurious radiation of the slot antenna (Source: 
reference [14]).
19
C h a p t e r  1: L it e r a t u r e  R e v i e w
The PBG structure was formed by periodic circular holes etched in the ground plane of 
the microstrip feed line. Simulated and measured input return loss of the slot antenna 
with PBG implemented on its feed line are shown in Figure 1.15.
40
Frequency (GHz)
Figure 1.15. Simulated and measured input return loss of slot antenna with PBG 
structure on its feed line (Source: reference [14]).
From Figure 1.15, the fundamental frequency or first harmonic was around 4 GHz while 
there was no sign of second harmonic at 8 GHz. Clearly, the second harmonic was 
successfully suppressed by the PBG structure.
Y. Horii and M. Tsutsumi [15] controlled the harmonics of a microstrip patch 
antenna by applying the same PBG structure, which comprised of circular hole patterns 
etched in the ground plane of the patch antenna. Figure 1.16 illustrates the microstrip 
patch antenna with PBG in the ground plane. A comparison was made between the PBG 
patch antenna and a conventional patch antenna as shown in Figure 1.17. The measured 
return loss in Figure 1.17 showed that higher order harmonics were suppressed for the 
PBG patch antenna while the conventional patch antenna exhibited harmonics at higher 
frequencies other than the first harmonic or fundamental frequency.
20
C h a p t e r  1: L it e r a t u r e  Re v i e w
250min
76mm
200mm
76mm
Ji* “ t  111 t  -  A
138mm
/"FS f-x " %>,
- y .  - - ► -3t -
38mm
L /  % /  ‘! y
 —  2.8mm
Figure 1.16. Microstrip patch antenna with PBG in the ground plane (Source: 
reference [15]).
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Figure 1.17. Measured return loss of PBG patch antenna and conventional patch 
antenna (Source: reference [15]).
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1.5.3 M ic r o w a v e  L o w -Pa ss  Fil t e r s  W it h  Ph o t o n ic  
Ba n d g a p  St r u c t u r e s
Filters are an integral part of electronic communication systems where their 
principal function is to eliminate undesirable signals while allowing signals of interest to 
pass through. PBG structures have offered promising application as filters in microwave 
circuits and revolutionised the way filters are designed.
Although filtering can be accomplished with tuning stubs, the technique is 
typically narrow-band. PBG structures in contrast, provide wide stop-band and deep stop­
band attenuation [18]-[24]. The most common form of PBG pattern, is made up of arrays 
of circular holes etched in the ground plane of a microstrip line as shown in previous 
sections. Radisic et al. [18] reported the measured filter response of such a pattern with 
an array of 3 x 9 etched holes in the ground plane. Figure 1.18 shows the PBG structure 
with 3 rows of 9 circular holes etched in the ground plane of a 50 Ü microstrip line.
Ground Plane
Figure 1.18. PBG low-pass filter with etched circular holes pattern (Source: 
reference [18]).
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The measured S-parameters of the PBG low-pass filter are depicted in Figure 1.19.
Sf1
S21
-40
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frequency (GHz)
Figure 1.19. Measured S-parameters of PBG low-pass filter (Source: reference [18]).
From Figure 1.19, it is shown that the PBG low-pass filter exhibited wide stop-band with 
deep stop-band attenuation of about 40 dB.
1.6 D e fe c t e d  Gr o u n d  
Ch a r a c t e r ist ic s
St r u c t u r e s  a n d  Th e ir
In the previous section (Section 1.5), the benefits and numerous applications that 
PBG has brought to microwave circuits were discussed. However, as shown earlier, a 
PBG structure is composed of arrays of periodic patterns etched in the ground plane o f a 
microstrip line. Such a structure often requires a large circuit layout area. In recent years, 
a new class of structures, known as 'Defected Ground Structures' (DGS) has been 
developed. DGS were derived from PBG, which have the same filtering characteristic as 
PBG structures such that, certain frequencies are prohibited while other frequencies are 
allowed to pass through. In essence, DGS have the same the functionality as PBG 
structures and the main difference between the two lies in the dependency of the period 
parameter on the cut-off and stop-band frequency response characteristics. Often, a few
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unit cell patterns (two or three); where one unit cell is a single etched DGS pattern, are 
sufficient to make up a DGS circuit because unlike a PBG structure that requires periodic 
arrays of patterns, the dependency of the period parameter on the cut-off and stop-band 
characteristics of a DGS is not important. However, the cut-off and stop-band 
characteristics of a PBG structure are strongly dependent on the periodicity between unit 
cell patterns. Hence, a DGS circuit does not have to consider any periodicity design 
parameter and is easier to design than a PBG circuit. Since the DGS is composed of one 
or a few unit cell patterns, it is more compact and occupies less circuit board area than a 
PBG structure. The influence of the periodicity parameter on PBG and DGS will be 
discussed further at the end of this section.
One of the most widely implemented and common DGS pattern is the dumb-bell 
shape. Figure 1.20 illustrates a single dumb-bell shaped DGS pattern which exhibits a 
low-pass filter response.
DOS
in Ground Plane
r
Dielectric
Substrate Ground Plane
Figure 1.20. A single dumb-bell shaped DGS low-pass filter (Source: reference [25]).
Like a PBG structure, a DGS pattern is formed by etching in the ground plane of a 
50 Q microstrip line. In Figure 1.20, a dumb-bell shaped DGS is realised by etching in 
the ground plane two square areas, each a x 6 ,  connected together by a narrow slot
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having a width, g . The two etched square areas increase the effective permittivity so that 
the effective inductance of the microstrip line is increased. This then gives rise to a cut­
off frequency that is mainly dependent of the two etched square areas. There is an 
attenuation pole location which is due to the narrow slot. Hence, a DGS circuit can be 
represented by an equivalent parallel LC  resonant circuit. Figure 1.21 shows the typical 
frequency response of a single dumb-bell shaped DGS.
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Figure 1.21. Simulated S-parameters of a single dumb-bell shaped DGS low-pass 
filter (Source: reference [26]).
From the simulated S21 in Figure 1.21, there was evidence of a 3 dB cut-off frequency at 
about 4 GHz. The existence of the cut-off frequency meant that the DGS increased the 
effective inductance of the microstrip line. Also, there was an attenuation pole location at 
about 7.3 GHz. This pole location is the resonant frequency of the DGS which can be 
represented by a parallel LC equivalent circuit. As mentioned earlier, the capacitance, C, 
of the DGS is due to the narrow slot while the inductance, Z, is mainly due to the two 
etched square areas.
Kim et al. [27] compared the measured results of a DGS circuit, composed of an 
array of five dumb-bell shaped patterns, with a previously reported PBG circuit using
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circular holes (refer to Figure 1.18) [18]. In order to compare the stop-band effect, the 
etched square lattice of the dumb-bell shaped pattern had the same area as the etched 
circular hole pattern of the PBG circuit. Three DGS circuits with different etched square 
dimensions were measured while the period between the dumb-bell shaped patterns and 
the width of the narrow slot were kept constant. Figure 1.22 illustrates the DGS circuit 
with five dumb-bell shaped patterns and Figure 1.23 shows the measured S-parameters 
with different etched square dimensions.
n j  € 1 .  c j
ç j ) '’ c j  n  n j  c j
Figure 1.22. DGS circuit made up of an array of five dumb-bell shaped patterns 
(Source: reference [27]).
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Figure 1.23. Measured S-parameters of the DGS circuit composed of five dumb-bell 
shaped patterns with varying etched square lattice dimensions (a) a = 6 = 1.3 mm (b) 
a = b = 2.5) mm and (c) a = A = 4.6 mm (Source: reference [27]).
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Previously reported results of the PBG circuit that was made up by arrays of circular hole 
patterns are shown in Figure 1.24. The period between etched circular holes was kept 
constant at 5.08 mm.
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Figure 1.24. Measured S-parameters of the PBG circuit (refer to Figure 1.18 for 
schematic of PBG circuit) made up of arrays of circular hole patterns with varying 
etched radii (a) radius, r = 0.635 mm (b) radius, r = 1.27 mm and (c) radius, r = 
2.286 mm. The period for all three cases was kept constant at 5.08 mm (Source: 
reference [18]).
By comparing the results in Figure 1.23 with those in Figure 1.24, one can observe the 
dependency of the period parameter on the stop-band characteristics. In Figure 1.24, the 
measured results with constant period showed that depth and bandwidth of the stop-band 
depended on the circle radius. The stop-band centre frequency, in general, is a function of 
the period of the PBG structure. On the other hand, measured results of the DGS circuit 
in Figure 1.23 showed that cut-off frequency and stop-band characteristics depended on 
the etched square dimensions. Depth and bandwidth of the stop-band for the DGS circuit 
were reported to depend on the number of etched patterns. In general, the more the 
number of etched patterns, the deeper and wider the stop-band. Also, the stop-band centre 
frequency of the DGS circuit was only slightly affected by the period parameter.
Traditionally, filters are designed using transmission lines which are used to 
realise the required inductance and capacitance of a filter. In many cases, however, the 
use of transmission lines as inductances often necessitates very fine lines to be fabricated. 
If, for instance, a microstrip line that is implemented to function as an inductor has a
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width that is not narrow, then one cannot simply assume the microstrip line to exhibit the 
required inductance throughout the desired frequency span, because of the capacitance 
that is associated with the microstrip line. The use of DGS as filters alleviates the 
problem of fabricating very fine microstrip lines and thus, does not require stringent 
fabrication tolerances. The relaxation in fabrication tolerances allows the use of low cost 
fabrication equipment. The next section reviews some of the applications of DGS.
1.7 A ppl ic a t io n s  o f  D e fe c t e d  Gr o u n d  St r u c t u r e s
In recent years, the arrival of DGS has offered numerous benefits in the design of 
other microwave circuits, not just filtering applications as discussed in the previous 
section. The applications of DGS in microwave circuits range from couplers [29]-[30], 
amplifiers [31]-[33], oscillators [34]-[35] to bandpass filters [36]-[37]. The following 
sections discuss some of these applications and their advantages.
1.7.1 Ea s ie r  Fa b r ic a t io n  a n d  Siz e  R e d u c t io n  o f  A  10 dB  
Br a n c h  L in e  C o u p l e r  U sin g  D e f e c t e d  Gr o u n d  
St r u c t u r e
In the design of branch line couplers, it is well known that two sections of the 
coupler require narrow microstrip lines to realise the high characteristic impedance [28]. 
Despite the fact that the characteristic impedance depends on the dielectric constant and 
substrate thickness, practical realisable characteristic impedances of microstrip lines with 
conventional fabrication technique are around 120-130 Q . Conventionally, 90° branch 
line couplers are implemented to obtain typical coupling of 3 or 6 dB. However, a 10 dB 
branch line coupler would require a characteristic impedance greater than 130 Q [29]. 
This poses a difficulty in fabricating very fine microstrip lines to realise the high 
characteristic impedance. Lim et al. [29] resolved this limitation by employing DGS in 
sections of the coupler that require high characteristic impedances. Due to the increased
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effective inductance of a microstrip line by etching a DGS pattern in the ground plane, 
higher characteristic impedances can be achieved than those of conventional microstrip 
lines. Hence, much wider microstrip lines can be fabricated while satisfying the high 
characteristic impedance requirement. In addition, microstrip lines with DGS have longer 
electrical length than conventional microstrip lines for the same physical length. Thus, 
the branch line coupler with DGS was smaller in size than a conventional branch line 
coupler. Figure 1.25 shows a high impedance section of the branch line coupler that had 
DGS patterns etched in the ground plane of a microstrip line.
line
Figure 1.25. Schematic of the high impedance section of a branch line coupler 
implemented with DGS patterns (Source: reference [29]).
The branch line coupler was implemented on a substrate with a dielectric constant of 2.2 
and a thickness of 0.78 mm. Given the substrate parameters, the two high impedance 
sections of a 10 dB branch line coupler require a characteristic impedance of 150 Q each. 
At 1.8 GHz, a conventional quarter-wave microstrip line with a characteristic impedance 
of 150 Q would require a length of 31 mm and a width of 0.2 mm. In comparison, a 
microstrip line implemented with DGS would only need a length of 26 mm and a width 
of 1 mm to achieve the same electrical length of 90° and a characteristic impedance of
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150Q.  Thus, five times magnification of the microstrip width had been achieved by 
employing DGS in the ground plane. Figure 1.26 shows the photograph of the completed 
branch line coupler with DGS by Lim et al [29].
through i  coupled
Figure 1.26. Photograph of the completed 90° branch line coupler with DGS (Source: 
reference [29]).
1.7.2 H a r m o n ic  S u p p r e ss io n  a n d  S iz e  R e d u c t io n  o f  A  
R a t -R a c e  C o u p le r  U s in g  D e f e c t e d  G r o u n d  
S t r u c t u r e
Tight couplers, especially 3 dB couplers, are key components in the design of 
many microwave circuits such as power amplifiers, mixers and antenna systems. Due to 
the simplicity and tight coupling of rat-race couplers, they are commonly employed in the 
design of many microwave circuits. The growth in wireless technologies has called for 
wireless communication systems with smaller device size in order to meet circuit 
minimisation and cost reduction. As a result, size has become an important design 
consideration for practical applications. However, at low microwave frequencies, the size 
of a conventional rat-race coupler can be quite large.
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Sung et al. [30] resolved this issue by using DGS to reduce the size of a rat-race 
coupler. Six dumb-bell shaped DGS patterns were incorporated along the ring of the 
coupler as shown in Figure 1.27. Because the signal path taken for a microstrip line with 
an etched DGS pattern in its ground plane is longer than a conventional microstrip, the 
electrical length of the microstrip with DGS is longer than a conventional microstrip line 
for the same physical length. Therefore, DGS is employed to reduce the size of many 
microwave circuits, which in this case, was used to minimise the size of a rat-race 
coupler.
PortlPort 3
m  P o r t 2Port 4
Figure 1.27. The reduced size and harmonic suppression rat-race coupler using 
dumb-bell shaped DGS patterns (Source: reference [30]).
Apart from size reduction, harmonics of the rat-race coupler were significantly 
suppressed by the implementation of DGS. This is because DGS presents a parallel 
resonance to certain frequencies which can be used to suppress harmonics. The resonance 
characteristic of DGS was already mentioned in Section 1.6. Figure 1.28 shows the S- 
parameters of a conventional rat-race coupler and the DGS implemented rat-race coupler.
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Figure 1.28. (a) Simulated S-parameters of a conventional rat-race coupler (b) 
Measured S-parameters of DGS rat-race coupler (Source: reference [30]).
From Figure 1.28(a), the conventional rat-race coupler exhibited spurious pass-bands at 
harmonic frequencies centred around 7.4 GHz. In order to eliminate the harmonics, it is 
commonly necessary to use either a low-pass or band-pass filter but, this approach 
increases the RF front-end size and yields an additional insertion loss. DGS was applied.
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not only to construct a much more compact rat-race coupler but, at the same time, 
provided intrinsic spurious rejection. As evidenced in Figure 1.28(b), the rat-race coupler 
with DGS showed suppression of harmonics down to about -30 dB at 7.4 GHz.
1.7.3 Siz e  R e d u c t io n , Im p r o v e d  Ef f ic ie n c y  a n d  
Su ppr e ssio n  o f  H a r m o n ic s  in  A m pl ifie r s  U sin g  
De f e c t e d  G r o u n d  St r u c t u r e
In the design of microwave amplifiers, the matching network is a very important 
design consideration. This is because maximum output power from the amplifier depends 
on how well the network matches the input impedance of the amplifier to the source, as 
well as how well the output impedance of the amplifier is matched to the load. However, 
in most amplifiers using distributed elements, the lengths of the transmission line 
elements are quite substantial and can take up a lot of circuit space.
Previously, it was shown how DGS was employed to reduce the size of a rat-race 
coupler. By the same token, DGS can be applied to matching networks in order to reduce 
the overall circuit size of amplifiers. Compared to a conventional microstrip line, a 
microstrip line with etched DGS patterns has a longer electrical length for the same 
physical length. Hence, the length of a microstrip line can be shortened by inserting DGS 
in order to preserve the same electrical length. Lim et al. [31] introduced DGS to reduce 
the size of matching networks of an amplifier. Figure 1.29 illustrates the layout o f a 
conventional amplifier and its input and output matching networks. The layout of the 
reduced size amplifier with DGS implemented in its input and output matching networks 
is shown in Figure 1.30.
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Figure 1.29. Layout of conventional amplifier without DGS in its input and output 
matching networks (Source: reference [31]).
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Figure 1.30. Reduced size amplifier with dumb-bell shaped DGS patterns that gave 
rise to shortened lengths, L I’ and L2’, which were part of the input and output 
matching networks (Source: reference [31]).
The lengths LI and L2 in Figure 1.29 were part of the input and output matching 
networks of an amplifier and were calculated to be 13 mm and 18 mm respectively. In the 
reduced size amplifier, LI and L2 were shortened with dumb-bell shaped DGS patterns to 
give rise to L I’ and L2’, which were 7 mm and 10 mm respectively. Compared with the 
conventional amplifier in Figure 1.29, the resultant size of the microstrip line with DGS 
were only 54 % (7 mm/13 mm) and 56 % (10 mm/18 mm) in the input and output 
matching networks respectively, while the amplifier performances were maintained. 
Similar measured performances of the two amplifiers were justified in Figure 1.31.
36
C h a p t e r  1: L i t e r a t u r e  R e v i e w
821
« 511
522-15
-25
i 1.5 2 2.5 3 3-5
FJfentienejf [GHz}
(a)
821
822
I 15 2 2.5 3 3 .5
Frequeacy [GHz)
(b)
Figure 1.31. Measured performances of (a) conventional amplifier (b) reduced size 
amplifier with DGS in its input and output matching networks (Source: reference 
[31]).
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Apart from minimisation of amplifier circuits, DGS was also reported to improve 
the efficiencies of power amplifiers. Traditionally, one of the most common method to 
improve the output power and efficiencies of amplifiers is to terminate the harmonics at 
the output. Among all the harmonics, the second harmonic is especially undesirable 
because its magnitude is larger than the other harmonics. Previous harmonics termination 
techniques include adding a short-circuited stub at the output, or using a chip capacitor 
with self-resonance near the second harmonic. However, the above methods are narrow 
band. Due to the self-resonance of DGS, it can be used to suppress harmonics and when 
implemented with an array of several DGS patterns, wide stop-hand can be achieved. 
Lim et al [32] used DGS to terminate harmonics of amplifiers and reported improvement 
in the efficiency of an amplifier. An array of five dumb-bell shaped DGS patterns were 
incorporated at the output of the amplifier to suppress the harmonics. Figure 1.32 shows 
that with DGS, the second harmonic was well below the detectable level of -45 dBm. On 
the other hand, the second harmonic of the amplifier without DGS had a detectable power 
level of -13 dBm to -23 dBm.
- A —2nd Harm, w/o DGS •2nd Harm, with DGS
S - :
I
Frequency iGHzl
Figure 1.32. Measured second harmonic of amplifier with and without DGS at its 
output. Second harmonic of the amplifier with DGS was not found by the -45 dBm 
detection level (Source: reference [32]).
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Figure 1.33 shows the comparison of PAE (Power Added Efficiency) of the amplifier 
with and without DGS.
~A ~PA E  w/o DGS - # - P A E  with DGS
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Figure 1.33. Comparison of measured PAE of the amplifier with and without DGS 
(Source: reference [32]).
From Figure 1.33, the PAE of the amplifier with DGS at its output had an improvement 
of 1% to 5% relative to the amplifier without DGS.
1.8 L im it a t io n s  o f  Cu r r e n t  D e fe c t e d  G r o u n d  
St r u c t u r e  Pa t t e r n s
Of all DGS patterns, the dumb-bell shaped DGS is the most widely implemented 
pattern. This is because the dumb-bell shaped DGS is simple and easy to design, with 
only two design parameters to consider: the length of the etched square area, a - b ,  and 
the width of the narrow slot, g, as shown in Figure 1.34.
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Figure 1.34. A dumb-bell shaped DGS pattern.
Despite the simplicity and ease of design of the dumb-bell shaped DGS pattern, 
the fabrication of this pattern becomes more difficult if good suppression of close-in 
signals is desired. This point is illustrated in Figure 1.35 which shows the simulated 
frequency responses of varying dumb-bell shape dimensions on a substrate with a 
dielectric constant of 10 and a thickness of 1.6 mm.
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Figure 1.35. Simulated S-parameters of a unit dumb-bell shaped DGS pattern (a) 
varying square area dimensions {axb) with slot width, g  = 0.2 mm for all three cases 
(b) varying slot width, g, with square area kept constant at a = 6 = 2.5 for all three 
cases (Source: reference [25]).
In Figure 1.35 (a), the slot width, g, was kept constant at 0.2 mm while the etched square 
area length, a=b, was varied from 1.3 mm to 4.6 mm. As the etched square area length, 
a=b, increases, one could observe from the cut-off frequency that the inductance of the 
microstrip line increased too. For a^b=4.6 mm and a=b=\3 mm, the cut-off frequencies 
were around 3.5 GHz and 10 GHz respectively. Hence, the cut-off frequency of a dumb­
bell shaped DGS circuit mainly depends on the etched square area dimension (axb). On 
the other hand, the stop-band characteristics such as the resonant frequency and 
attenuation slope, depend mainly on the width of the slot, g. This is illustrated in Figure 
1.35 (b) where the slot width, g, was varied while the square area was kept constant at 
a=b=2.5 mm. From Figure 1.35 (b), as the slot width, g, decreases, the effective 
capacitance of the microstrip line increases, evidenced by the lower shift in frequency of 
the resonance. Notice that the cut-off frequencies for the three different slot widths were 
only slightly shifted, compared to locations of cut-off frequencies due to varying square 
area dimensions. In order to obtain desirable filtering performance, the slot width, g, has 
to be narrow so that the resonant frequency is close to the cut-off frequency and any
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unwanted signals near the cut-off frequency of the filter are suppressed. However, 
fabrication of such narrow slot is difficult and requires sophisticated, high cost equipment 
to perform the task.
Although there are other DGS patterns reported in the literature, all o f them still 
present the same difficulty of fabricating the narrow slot width in their designs. 
Additionally, some DGS patterns have more design parameters to consider and are thus 
more difficult to design. Figure 1.36 shows some of the different DGS patterns that are 
available.
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(d)
Figure 1.36. Different DGS patterns but all have narrow slot widths in their designs 
(a) arrow-head DGS (Source: reference [38]) (b) circle-head DGS (Source: reference 
[38]) (c) spiral shaped DGS (Source: reference [39]) (d) branch line DGS pattern 
that was shown in Section 1.7.1 (Source: reference [29]).
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In light of the limitations of current DGS patterns, new patterns are needed to 
alleviate the problem of fabricating the narrow slot width so that they can be 
manufactured with cheap fabrication equipment and processes.
The other issue with current DGS patterns is the requirement to enlarge their 
etched square areas for low frequency operations, as was discussed in relation to Figure 
1.35(a). This inevitably increases the overall circuit size at lower frequency operations. 
Thus, there is a need to develop a new DGS pattern that would occupy minimal circuit 
space at lower microwave frequencies. The following chapters detail the designs, 
investigations and implementations of novel DGS patterns that resolved these limitations.
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2 Th e  S im u l a t io n  o f  A  N o v e l  D G S Pa t te r n  
W it h  n o  N a r r o w  Sl o t
2.1 In t r o d u c t io n
All the existing published DGS patterns [25], [29], [38], [39] shown in the 
previous chapter have narrow slots in their designs. The fine slot width poses a difficulty 
in fabrication that often requires expensive fabrication equipment and processes. Despite 
this fabrication difficulty, the narrow slot width is mandatory to obtain a steep attenuation 
slope in order to suppress undesirable signals that are near the cut-off frequency.
Therefore, the main objective of this chapter is to investigate through simulation, 
a novel DGS pattern that could overcome the narrow slot width problem. Firstly, the 
effect of the slot width on the attenuation slope is illustrated in greater detail. Then, a 
novel DGS pattern that circumvents the need for any narrow slot in its design is explored, 
followed by a detailed parametric study of this new pattern.
2.2 A n  In t r o d u c t io n  t o  t h e  D if f e r e n t  
E l e c t r o m a g n e t ic  Sim u l a t io n  Te c h n iq u e s
In order to understand the properties of DGS patterns, it is necessary to analyse 
the EM field distribution caused by the etched pattern in the ground plane. However, 
prior to using a commercial EM simulator to analyse the DGS patterns, an introduction of 
various EM simulation techniques was provided in this section, together with a 
discussion of their advantages and limitations that led to the reason of selecting a 
particular EM simulator for the purpose of investigating the DGS circuits in this study.
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2.2.1 Th e  F in it e  D iffe r e n c e  T im e  D o m a in  M e t h o d  (FD TD)
The finite difference time domain method is a direct solution of the Maxwell’s 
time dependent curl equations:
dt 
dt
V x E = -JU- 
V X /-/ = (j E + £ ■
(2.1)
(2.2)
where E  is the electric field vector, H  is the magnetic field vector, // is the permeability 
of the substrate, s  is the permittivity of the substrate and cr is the conductivity of the 
conductor. A centred difference scheme is used to evaluate the space and time derivatives. 
With reference to Figure 2.1, a first order central difference approximation is expressed 
as:
^ [ E „ ( f )  + £ ,,( f )  -  £ , 3 ( 0  -E ,4 (0 ]  = + AI) -  -  Af)] (2.3)
2 Af
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Figure 2.1. Electric and magnetic field vectors in a FDTD space lattice.
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where A is the area of the near face of the cell in Figure 2.1 (area of four unit square 
faces). The only unknown in Equation 2.3 is [t + At], since all other quantities were
found in the previous time step. Thus, the electric field values in time t are used to 
evaluate the magnetic field values in time t + A t, where Af is a small change in the time 
step. Similarly, a centred difference approximation is applied to Equation 2.2, where 
magnetic field values at time f + Af are used to find the electric field values at time 
f + 2A t . Therefore, by calculating the electric and magnetic fields at each time step, 
fields are propagated throughout the grid. The time stepping process continues until a 
steady state solution is obtained. Unlike other EM modelling techniques, there is no set of 
linear equations to be solved in the finite difference time domain method, because at each 
time step, the equations used to update the EM field components are fully explicit. Thus, 
this method is computationally fast. However, the main disadvantage of this method is its 
inability to model accurately shapes that are non-orthogonal, such as geometries with 
curves, and circles. With regard to analysing DGS circuits, the finite difference time 
domain method is less appropriate for this purpose because of the shape complexity of 
the DGS patterns.
2.2.2 Th e  F in it e  El e m e n t  M e t h o d  (FEM )
The finite element method divides the geometry configuration under analysis into 
a number of small homogeneous pieces or elements. The objective of the finite element 
method is to determine the field quantities at each point of the elements, where the points 
are commonly known as nodes. Most finite element method employs variational 
techniques where an expression that is known to be stationary about the true solution is 
minimised or maximised. In general, the finite element method solves for the unknown 
EM field quantities by minimising an energy functional. The energy functional is an 
expression that describes all the energy associated with the configuration being analysed.
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For example, the energy functional in a 3 dimensional configuration is expressed as:
+
s\EV J .E
dv (2.4)
2 2 2y(u
J  and CO are the current density and angular frequency respectively. The first two terms in 
the integrand represent the energy stored in the magnetic and electric fields, while the 
third term represents energy dissipated by conduction currents. By expressing H  in terms 
of E, and setting the derivative of this functional with respect to E to zero, a set of 
equations is obtained:
>11 /l2
/21 2^2
Vsi
yn.
(2.5)
The current densities on the left hand side of Equation 2.5 are known excitations. The 
elements in the y  matrix are functions of the geometry configuration and boundary 
constraints. The unknowns are the electric fields in the E  column vector on the right hand 
side of Equation 2.5, where their values are obtained by solving the system of equations.
The major advantage of the finite element method, which is the method adopted 
in the commercial EM simulator: HFSS (High Frequency Structure Simulator), over other 
EM modelling techniques, such as finite difference time domain or method of moments 
in ADS Momentum (see next section) is its flexibility in allowing the user to define the 
electrical and geometric properties of the circuit under investigation independently. This 
allows the problem to be set up with a large number of small elements in regions of 
complex geometry, and fewer larger elements in regions of less complex geometry. As 
such, complicated geometries and arbitrarily shaped dielectric regions can be modelled 
more efficiently. However, to obtain a unique solution with the finite element method, the 
values of the fields at all the boundary nodes must be constrained. Hence, the finite
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element method is not suitable to model circuits with open configurations, where the 
fields are not known at every point on the open boundary. Absorbing boundaries are 
commonly used to address this problem. If the DGS circuits are analysed with the finite 
element method, care has to be taken because of the open boundary at the etched pattern 
in the ground plane. Although the implementation of an absorbing boundary around the 
etched pattern can solve the open boundary problem, the volume of the absorbing 
boundary must be large enough to ensure an accurate solution. Further, increasing the 
volume of the absorbing boundary increases the computation time to solve the EM 
problem.
2.2.3 Th e  M e t h o d  o f  M o m e n t s  (M o M )
The method of moments is a technique for solving complex integral equations by 
reducing them to a set of simpler linear equations. In the method of moments, a technique 
known as method of weighted residuals was employed. The method of weighted residuals 
begins by establishing a set of trial functions with one or more variable parameters. The 
residuals are a measure of the difference between the trial solution and the true solution. 
The variable parameters are then determined by a best fit between the trial functions 
based on minimisation of the residuals.
The commercial EM simulator. Momentum in Advanced Design System (ADS), 
uses the method of moments to solve Maxwell’s equations. First, the Maxwell’s 
equations are transformed into integral equations and the unknowns in the equations are 
the electric and magnetic currents flowing in the planar circuit. The integral equations 
follow from the definition of suitable electric and magnetic Green's functions in a 
multilayered substrate. In ADS Momentum, a mixed potential integral equation (MPIE) 
formulation is used:
j jG(r,r')J{r)dS = E(r) (2.6)
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where G(r,r) is the Green’s function of the multilayered medium, J(r) represents the 
unknown currents, and E(r) represents the known excitations. The unknown surface 
currents are then discretised by meshing the planar metallization geometry and solved by 
adjusting the weights of the unknown currents such that the residuals are minimised. 
However, because of the types of integral equations used, the method of moments is only 
limited to circuits with configurations of conductors only, homogeneous dielectric 
mediums only, or very specific conductor-dielectric geometries that include multi-layer 
dielectrics. Thus, the method of moments is not very effective when applied to arbitrarily 
complex geometries or inhomogeneous dielectrics. Nevertheless, the method of moments 
is sufficient for analysing the DGS patterns because the underlying geometry is a simple 
microstrip configuration. In comparison to the finite element method, DGS patterns can 
be drawn more quickly in two dimensions, rather than in three dimensions as required by 
the finite element method. In addition, any changes or refinements to the shape o f the 
DGS pattern can be made much more easily and rapidly than the finite element method. 
Thus, in consideration for the ease of drawing and refining shapes of DGS patterns, speed 
of setting up simulations and ability to model non-orthogonal shapes accurately, the 
method of moments; which ADS Momentum uses, was favoured over the two other EM 
modelling techniques as the simulation tool for this study.
2.3 Th e  E ffe c t  o f  D G S Sl o t  W id t h  o n  A t t e n u a t io n  
Sl o pe
In this section, the effect of DGS slot width on attenuation slope was investigated. 
In particular, a single dumb-bell shaped DGS pattern and two dumb-bell shaped DGS 
patterns in cascade were simulated to illustrate the effect of slot width on attenuation 
slope.
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2.3.1 Th e  Ef fe c t  o f  Th e  N a r r o w  Sl o t  W id t h  in  A  Sin g l e  
D u m b -b e l l  Sh a pe d  D G S Pa t t e r n
The dumb-bell shaped DGS pattern was selected for the investigation of slot 
width on attenuation slope because of the wide implementation of this pattern in many 
microwave circuits [25]-[27], [30]-[33], [35]-[36]. In the previous chapter, the frequency 
responses of a dumb-bell shaped DGS pattern for three different slot widths were shown 
and discussed [25]. As the slot width became narrower, the resonant frequency of the 
DGS circuit shifted lower in frequency and this, resulted in a steeper attenuation slope. 
However, the smallest slot width investigated was 0.2 mm. The intention of this section is 
to further investigate by simulation, the effect of a slot width smaller than 0.2 mm in 
order to achieve steeper attenuation slope than previously reported [25], and thereby 
illustrate the dilemma between achieving steep attenuation slope and increasing the 
fabrication difficulty of making the narrow slot width. It must be emphasized here that 
the effect of slot width on attenuation slope that is investigated in this section applies to 
any DGS pattern with narrow slot widths, and therefore they all face the same fabrication 
problems as the dumb-bell shaped DGS pattern.
To be consistent with previously reported substrate parameters [25], the substrate 
used for the simulation in this section had a dielectric constant, = 10, and a thickness, 
h = \.6  mm. The width, g, of the slot was varied from O.I mm to 20 //m while the length 
of the etched square area was kept constant at a = b=2.5 mm for all cases. The width, w, 
of the microstrip line was 1.54 mm, which corresponded to a 50 characteristic 
impedance.
ADS (Advanced Design System) Momentum, which is an EM (Electromagnetic) 
simulator, was employed to perform all simulations. Figure 2.2 again shows a dumb-bell 
shaped DGS pattern.
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Figure 2.2. 3-D view of the dumb-bell shaped DGS pattern (Source: reference [25]).
The simulated S-parameters of the dumb-bell shaped DGS for different slot widths are 
shown in Figure 2.3 and Figure 2.4.
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Figure 2.3. Simulated S l l  results of the dumb-bell shaped DGS pattern for different 
slot widths from 0.1 mm to 20 um. The etched square area, {a xb), was kept 
constant at 2.5 mm x 2.5 mm for all cases.
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Figure 2.4. Simulated S21 results of the dumb-bell shaped DGS pattern for different 
slot widths from 0.1 mm to 20 um. The etched square area {a xb), was kept constant 
at 2.5 mm x 2.5 mm for all cases.
From Figure 2.4, one can observe that the frequency response shifted towards the 
lower frequency end as the slot width, g, became narrower. This was due to the fact that a 
finer slot width resulted in a larger effective capacitance and thereby, lowered the 
resonant frequency of the DGS circuit. In order to explain this point, it is necessary to 
look at the resonance equation given by:
2 I \ 4 l C (2.7)
where fr  is the resonant frequency, L is the inductance and C is the capacitance.
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As mentioned in Section 1.6 of Chapter 1, the effective inductance of the dumb-bell 
shaped DGS is mainly due to the two etched square areas, while the effective capacitance 
is mainly dependent on the slot width [25]. With the dimension of the square areas kept 
constant for all cases, the shift in resonant frequency was definitely due to changes in the 
slot width. Hence, as the slot width decreased, the effective capacitance increased and 
gave rise to a lower resonant frequency.
From Figure 2.4, the attenuation slope was observed to be better for g  = 
20 jum compared to g  = 0.1 mm. The cut-off frequencies for g  = 20 jum and g  = 0.1 mm, 
were 5 GHz and 5.63 GHz respectively. Suppose there was a close-in undesirable signal 
that existed 800 MHz away from the cut-off frequencies, the dumb-bell shaped DGS with 
g  = 20 //m would provide 15 dB of attenuation while for g  = 0.1 mm, the attenuation was 
only 9.7 dB.
2.3.2 Th e  E ffe c t  o f  T h e  Na r r o w  Sl o t  W id t h  in  T w o  
D u m b -B e l l  Sh a pe d  DGS Pa t t e r n s  in  Ca sc a d e
At first sight, one would identify the frequency responses in Figure 2.4 of Section 
2.3.1 as band-stop responses and would adjust the resonant frequency to tune out the 
undesirable signal just mentioned. However, as two or more unit DGS patterns are 
cascaded together, the frequency response becomes a low-pass response [27]. When two 
or more DGS patterns are employed, the intermediate section of the microstrip line that 
connects the DGS patterns together, functions as a capacitor to mitigate the amount of 
current from reaching the load at frequencies above the resonant frequency. This in turn 
provides greater attenuation at frequencies beyond resonance and the resulting frequency 
response becomes a low-pass filter response. Figure 2.5 illustrates the equivalent circuit 
of two dumb-bell shaped DGS patterns in cascade. Z/ and C; are the effective inductance 
and capacitance of a single dumb-bell shaped DGS pattern respectively. The combination 
of Z; and C; forms a parallel resonant circuit which results in a band-stop response as 
shown earlier in Figure 2.4. Q  is the capacitance of the intermediate section of the
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microstrip line that connects the two DGS patterns together. Notice that the width, W2 , of 
the intermediate section was depicted to be wider than the width of a conventional 50 Q 
line (wj). This is to reduce the inductance associated with a narrow microstrip line and 
thus the intermediate section can be assumed to be capacitive only [26].
D um b-b ell 
shaped D G S  
patterns  
etched  in 
ground  p lane
w , w .
— -I
In term ed iate  
section  o f  
m ierostrip  line
Figure 2.5. Ideal equivalent circuit of two dumb-bell shaped DGS patterns in 
cascade [26].
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Lim et al. [26] reported a low-pass frequeney response that resulted from the two 
dumb-bell shaped DGS patterns in Figure 2.5, for a slot width, g = 0.5 mm. In this 
section, simulations based on the same DGS circuit in Figure 2.5 were conducted to 
demonstrate the low-pass frequency response and in addition, a comparison was made 
between a slot width, g = 0.5 mm and a narrower slot width, g  = 50 //m . The intention of 
this section was to illustrate that narrower gap width, g, would result in improvement in 
the attenuation slope of the low-pass filter. Following the work of Lim et al. [26], the 
substrate used in the simulations, had a dielectric constant of 3.48 and a thickness of 
0.762 mm. With the given substrate parameters, the width (wy) of a conventional 50 Q 
microstrip line corresponded to 1.7 mm. The dimensions of the etched square area were 
kept constant Sita = b = 4 mm while g  was 0.5 mm in one case and narrowed to 50 jum in 
the other case. The width (1V2) of the intermediate section and the distance (s) between the 
two dumb-bell shaped DGS patterns were optimised to achieve attenuation greater than 
20 dB at frequencies beyond the resonant frequency. This gave rise to W2 = 3.5 mm for g  
= 0.5 mm while W2 = 4.5 mm for g = 50 / /m . The optimised distance between the two 
dumb-bell shaped DGS patterns was found to be = 5 mm for g  = 0.5 mm and s = 3 mm 
for g = 5 0  jum . Figure 2.6 shows the simulated results.
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Figure 2.6. Comparison of simulated S-parameters of the two dumb-bell shaped 
DGS patterns in cascade with two different slot widths, ^ = 50 um and g  = 0.5 mm.
Clearly from the simulated 821 in Figure 2.6, the dumb-bell shaped DGS patterns with 
slot width, g = 50 jHxn, resulted in a steeper attenuation slope than g  = 0.5 mm. The cut­
off frequencies for g- = 50 /um and g  = 0.5 mm were at 3 GHz and 3.4 GHz respectively. If 
an undesirable signal was present at 800 MHz away from the cut-off frequencies, the 
dumb-shaped DGS patterns with g = 50 //m would give an attenuation of 27.5 dB while 
for g  = 0.5 mm, the attenuation would only be 11.4 dB. Evidently, there was significant 
improvement in the attenuation slope due to the narrower slot width. In general, to 
achieve steep attenuation slope, the slot width has to be narrowed which in turn, poses a 
difficulty in fabrication. Alternative DGS patterns must be sought after to circumvent the 
narrow slot width in DGS designs for further ease of fabrication.
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2.4 C o n c e pt u a l isa t io n  o f  A N o v e l  DGS Pa t t e r n  Th a t  
A l l e v ia t e s  Th e  R e q u ir e m e n t  f o r  N a r r o w  Sl o t  
W id t h
In the search for a new DGS pattern that would overcome the limitation of narrow 
slot width, the design consideration below was carefully thought over:
• The narrow slot width must be replaced by a shape that could achieve the same 
effective capacitance but at a larger dimension. Therefore, there is less stringent 
requirement on fabrication tolerances. The relaxation in fabrication tolerances 
would then allow inexpensive PCB fabrication equipment and processes to be 
used to manufacture the DGS circuits.
The two square etched areas of a dumb-bell shaped DGS pattern which contribute 
to the effective inductance of the DGS circuit are much larger in dimension compared to 
the slot in the middle. As a result, the square areas do not pose any difficulty in 
fabrication and the only requirement was to replace the narrow slot with a new larger 
shape that could contribute to the same effective capacitance. After some considerations, 
the circle was found to satisfy the requirement in the point mentioned above. A schematic 
of this novel DGS pattern is shown in Figure 2.7, along with a conventional dumb-bell 
shaped DGS pattern.
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Figure 2.7. The novel DGS pattern replacing the narrow slot in a dumb-bell shaped 
DGS pattern with a circle in its centre.
The new DGS pattern replaced the narrow slot with a circle in its centre where 
two edges of the circle were slightly overlapped into the two square areas as shown in 
Figure 2.7. To explain the concept behind this novel DGS pattern and understand why by 
replacing the rectangular slot with a circle, the limitation of a dumb-bell shaped DGS 
pattern was overcome; there is a need to look at the effective capacitance contribution 
from the rectangular slot and circle. The effective capacitance of a DGS pattern is mainly 
attributable to the much smaller shape in its design. For example, in a dumb-bell shaped 
DGS pattern, the smaller shape is the narrow rectangular slot in its centre. Since the 
etched gap of the rectangular slot is much smaller than the two etched square areas, a 
strong electric field is established across the gap, which then resulted in capacitance.
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From Figure 2.7, the effective capacitance was considered to consist of three main 
parts. Cl and C3 are capacitances at the top and bottom while C2 is the capacitance 
contribution at the centre. As the slot width of a dumb-bell shaped DGS pattern is varied, 
the capacitances, C 1 C 2 and C 3 will all change by the same amount because the slot is a 
rectangular shape which has the same gap distance at the top, centre and bottom of the 
slot where the three capacitances are established (refer to Figure 2.7). The novel DGS 
pattern with a circle in its centre, on the other hand, does not have the same capacitance 
value for Ci, C2 and C3 when the diameter of the circle is varied. Since the slot gap 
distance at the two edges of the circle that are joined to the two etched square areas are 
much smaller than the gap distance due to the diameter of the circle at its centre, the main 
contributions of capacitances therefore come from Ci and C3 Despite variations in the 
dimension of the circle (diameter of the circle), the effective capacitance of this novel 
DGS pattern is mainly dependent on the slot gap distance at the two edges of the circle 
joined to the two etched square areas. Thus, a circle with a larger dimension while 
satisfying the same effective capacitance as the narrow slot in a dumb-bell shaped DGS 
pattern can be realised. In this way, the novel DGS pattern can be fabricated much more 
easily than a dumb-bell shaped DGS pattern.
2.5 V e r i f i c a t i o n  o f  T h e  N o v e l  D G S P a t t e r n  b y  
S im u la t io n s
The novel DGS pattern was verified by simulations to confirm the feasibility of 
this structure, and comparisons by simulations were made between this new pattern and a 
dumb-bell shaped DGS pattern. The substrate used in the simulations had a dielectric 
constant of 10.5 and a thickness of 0.635 mm. A dumb-bell shaped DGS pattern with 
etched square area dimension at a = b = 2 mm and a gap width, g  = 0 . 2  mm, was 
simulated. In order to determine if a larger circle dimension would result in a similar 
frequency response to that of the given narrow slot width in the dumb-bell shaped DGS 
pattern, the etched square area dimension of the novel DGS pattern also corresponded to 
a = b=2  mm while the circle diameter, <7, was fixed at 0.9 mm. The gap distance that
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joins the etched circle to the two etched square areas was then varied until a similar 
frequency response to that of the dumb-bell shaped DGS was obtained. This gap distance 
was found to be 0.29 mm. The width, w, of the microstrip line was 0.566 mm, which 
corresponded to a 50 Q line. The simulated S-parameters results are shown in Figure 2.8.
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Figure 2.8. The novel DGS pattern with a circle diameter, d = 0.9 mm, that gave a 
similar frequency response as a dumb-bell shaped DGS pattern with a slot width, g 
= 0.2 mm.
From Figure 2.8 (a), the simulated S ll  results for both the novel DGS pattern and 
the dumb-bell shaped DGS pattern were the same. The S21 results in Figure 2.8 (b), 
showed that the novel DGS pattern had a similar response compared to the dumb-bell 
shaped DGS pattern. In fact, both the novel DGS pattern and the dumb-bell shaped DGS 
pattern had the same cut-off frequency at 8  GHz. For the frequency range from 0 to 9.8 
GHz, the two S21 responses were identical. When the frequency extended beyond 9.8 
GHz, there were slight differences in the two S21 responses with a deviation of only 620 
MHz between the resonant frequencies of the dumb-bell shaped DGS pattern and the 
novel DGS pattern. The difference in stop-hand attenuation between the dumb-bell 
shaped DGS pattern and the novel DGS pattern was only 3.57 dB.
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2.5.1 A n a l y sis  o f  Th e  N o v e l  D G S Pa t t e r n
In order to analyse and explain the slight discrepancy in S2I responses between 
the dumb-bell shaped DGS pattern and the novel DGS pattern mentioned in Section 2.5, 
it is necessary to examine the equivalent circuit element values for both DGS patterns.
A single DGS pattern, in general, is characterised by its resonance and can 
therefore be represented by an equivalent circuit that consisted of an inductance, L, and 
capacitance, C, in parallel. Ahn et al. [25] gave expressions to obtain the equivalent L and 
C values of a DGS pattern. Since a single DGS pattern exhibited a low-pass filter 
response at frequencies before resonance, the L value was obtained by matching the 
equivalent parallel resonant circuit of a DGS pattern with a one-pole Butterworth low- 
pass response. Figure 2.9 and Figure 2.10 show the equivalent parallel resonant circuit of 
a single DGS pattern and a one-pole Butterworth prototype low-pass filter circuit 
respectively.
Figure 2.9. Equivalent parallel resonant circuit of a single DGS pattern (Source: 
reference [25]).
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Figure 2.10. One-pole Butterworth prototype low-pass filter circuit (Source: 
reference [25]).
Once the 3 dB cut-off frequency of a DGS pattern is known, the L  value can be 
easily calculated by using the prototype element value of the one-pole Butterworth 
response. The prototype element value is available in various books [28], [40] and is 
given in Appendix I. The series inductance in Figure 2.10 can be derived as follow:
X l =  (o 'Z o g i (2.8)
where co' is the normalised angular frequency, Zq is the scaled impedance level of the 
input/output terminated ports and g\ denotes the prototype value of the Butterworth low- 
pass filter. From the prototype Butterworth low-pass filter design table in Appendix I, a 
one section low-pass filter (one reactive element) would give a prototype value, gi = 2 .
The reactance value of a single DGS pattern in Figure 2.9, can be expressed as:
X lc =
cooC
COo CÙ 
\  CD CDo j
(2.9)
where coo is the angular resonant frequency of the parallel resonant circuit.
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In order to have the low-pass filter characteristic, the equivalent circuit of the 
single DGS pattern in Figure 2.9 should be equal to the prototype low-pass filter circuit in 
Figure 2.10, at the 3 dB cut-off frequency. This equality at the cut-off frequency is given 
by the expression:
^  L w  (2-10)
From the above equation 2.10, the capacitance, C, of the LC resonant circuit of a single 
DGS pattern is given by the following:
Once C is known, L can be found from the resonance using the expression:
where (Oo and coc are the resonant and cut-off angular frequencies respectively.
However, the equivalent LC resonant circuit of a single DGS pattern by Ahn et al 
[25], exhibited infinite stop-band attenuation because the resonant circuit is assumed to 
be lossless. Kim and Lee [41] proposed a more realistic equivalent circuit by considering 
the loss, R, associated with the etched pattern in the ground plane. Figure 2.11 shows the 
more realistic equivalent circuit.
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Zo
Zo
Zin
Figure 2.11. A more realistic equivalent circuit representation of a single DGS 
pattern.
By equating:
(2.13)
where Zin denotes the input impedance and Zo is the characteristic impedance. 
R can then be extracted and was given by [41] as:
2 Z,
l 2
2Zo coC-
coL
-1
(2.14)
Given equations 2.11, 2.12 and 2.14, the novel DGS pattern could now be 
analysed in terms of its equivalent effective inductance, capacitance and resistance loss 
values. Hence, the slight discrepancy in 821 responses between the dumb-bell shaped
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DGS pattern and the novel DGS pattern in Section 2.5, could be explained. From the 
simulated S21 responses in Figure 2.8 of Section 2.5, the cut-off frequency for both the 
dumb-bell shaped DGS pattern and the novel DGS pattern was 8  GHz. However, there 
was slight discrepancy in the resonant frequencies between the two, where the resonant 
frequency was at 12.35 GHz for the dumb-bell shaped DGS pattern, while the resonant 
frequency was at 12.97 GHz for the novel DGS pattern. By examining the equivalent 
circuit element values for both the dumb-bell shaped DGS pattern and the novel DGS 
pattern, the slight shift in resonant frequency between the two could be clarified. Table 
2.1 tabulated the equivalent circuit element values for both the dumb-bell shaped DGS 
pattern and the novel DGS pattern.
Table 2.1. Comparison of equivalent circuit element values for conventional dumb­
bell shaped DGS pattern with slot width, g = 0.2 mm and novel DGS pattern with 
diameter, d = 0.9 mm.
Dumb-bell shaped Novel DGS pattern 
DGS pattern
Cut-off frequency, (GHz) 8
Resonant frequency,/ (GHz) 12.35 12.97
Capacitance, C (pF) 
Inductance, L (nH)
0.144
1.155
0.122
1.233
Loss Resistance, R (ohm) 2249 1558.5
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From Table 2.1, the extracted effective capacitance, C, of both the dumb-bell 
shaped DGS pattern and the novel DGS pattern was almost the same, with a difference of 
only 0.022 pF. Hence, a larger dimension for easier fabrication was achieved with the 
novel DGS pattern {d = 0.9 mm) while obtaining the same effective capacitance value as 
the dumb-bell shaped DGS pattern with a slot width, g  = 0.2 mm. Since inductance is 
defined as the ratio of magnetic flux, 0 ,  through a surface that links a current. I, flowing 
through the surface [42], an etched defect in the ground plane would result in less overall 
current and thereby led to an increase in inductance. The effective inductance, L, was 
slightly higher for the novel DGS pattern ( Z = 1.233 nH) than the dumb-bell shaped 
DGS pattern (L =  1.155 nH) because the current return path of the novel DGS pattern is 
longer due to the circumference of the etched circle compared to the rectangular slot of 
the dumb-bell shaped DGS pattern. With the etched square area dimension of the dumb­
bell shaped DGS pattern and the novel DGS pattern equal, the additional current path 
taken for the novel DGS pattern would be around the circumference (lirr)  of the etched
circle, giving a distance of approximately 2.83 mm. On the other hand, the return current 
path taken around the rectangular slot would only be 1.532 mm. This then explained the
slight difference between the resonant frequencies ( /  = l / 2 ;rVZc j of the novel DGS 
pattern and the dumb-bell shaped DGS pattern (deviation of 620 MHz).
The loss resistance, R, of the novel DGS pattern was lower due to the larger 
etched circular dimension than the rectangular slot of the dumb-bell shaped DGS pattern. 
Consequently, the novel DGS pattern resulted in more loss than the dumb-bell shaped 
DGS pattern. Despite a larger loss resistance, the stop-band attenuation of the novel DGS 
pattern was only 3.57 dB lower than the stop-band attenuation of the dumb-bell shaped 
DGS pattern, as already shown in Figure 2.8 (b) of Section 2.5.
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2.6 A P a r a m e t r ic  S tu d y  o f  T h e  N o v e l  DGS P a t t e r n
In this section, detailed parametric analyses were conducted by simulating 
variations in different dimensional aspects of the novel DGS pattern: the etched square 
area, the etched circle and the effect of varying the gap distance that joins the etched 
circle into the two etched square areas.
2.6.1 Ef f e c t  o f  V a r y in g  E t c h e d  Sq u a r e  A r e a  D im e n sio n
The effect of varying the etched square area dimension of the novel DGS pattern 
was investigated here. Simulations were performed by changing the etched square area 
dimension (axb)  while the etched circle diameter, d, was kept constant at 1 . 4  mm for all
cases. Figure 2.12 shows the schematic of the novel DGS pattern with the design 
variables. On a substrate with a dielectric constant of 10.5 and a thickness of 0.635 mm, 
the width, w, of the 50 Q microstrip line was 0.566 mm. The etched square area was 
varied for three different dimensions, a = h = 1.5 mm, 2 mm and 2.5 mm. The gap 
distance, /, was kept constant at 0.4 mm for all cases.
dielectric substrate
DGS pattern in 
ground, plane 6
I------------*• A
microstrip | 
line I
Figure 2.12. Schematic of the novel DGS pattern with corresponding design 
variables.
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Figure 2.13 depicts the simulated S-parameters for the three different etched square areas.
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Figure 2.13. Simulated S-parameters of novel DGS pattern for a = 6 = 1.5 mm, 2 
mm and 2.5 mm with etched circle diameter {d) and gap distance (/) kept constant at
1.4 mm and 0.4 mm respectively for all cases.
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Existence of the cut-off frequency in the S21 responses of Figure 2.13 (b), meant 
that the novel DGS pattern increased the effective permittivity which resulted in an 
increase in the effective inductance of the microstrip line [25]. Since the two etched 
square areas were much bigger in dimension than the etched circle in the middle of the 
novel DGS pattern, the cut-off frequency was mainly dependent on the two etched square 
areas. From Figure 2.13 (b), one could clearly observe that by increasing the dimension 
of the etched square area, the S21 response was shifted lower in frequency. As the 
dimension of the etched square area increased, the effective inductance increased, and an 
increase in the inductance gave rise to a lower cut-off frequency for the same effective 
capacitance, kept constant by the same etched circle diameter.
2.6.2 Ef fe c t  o f  V a r y in g  D ia m e t e r  o f  Et c h e d  C ir c l e
The influence of the dimension of the etched circle was investigated by varying 
the diameter, d, of the circle, while keeping the etched square area constant at « = = 2
mm for all cases. Apart from examining the effect of variations in the diameter of the 
etched circle, the main intention of this section was to show that the effective capacitance 
of the novel DGS pattern is less dependent on the diameter of the etched circle, and is 
mainly dependent on its gap distance (/). This was demonstrated through achieving 
identical frequency responses with larger diameters of etched circles, as compared to 
smaller circles, by optimising their gap distances to obtain the same effective capacitance 
value. In order to obtain identical frequency responses, the gap distance, /, was varied 
until almost identical frequency responses were obtained through simulations for the 
different diameters of etched circle. This gave rise to / = 0.2 mm for d  = 0.7 mm, / = 0.25 
mm for d =  1 mm and / = 0.4 mm for J  = 1.4 mm. The rationale behind the increasing 
gap distance for larger diameters, could be explained by the fact that a larger diameter has 
a larger circumference which increases the current return path and this in turn, results in 
an increase in the effective inductance of the novel DGS pattern. Hence, to maintain the 
same resonant frequency location and satisfy the resonant frequency equation (Equation 
2.7), the gap distance has to be increased to give a lower effective capacitance value in
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order to counter-balance the increase in inductance. Figure 2.14 shows the simulated S- 
parameters for 0.7 mm, d=  1 mm and <7= 1.4 mm.
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Figure 2.14. Simulated S-parameters of novel DGS pattern for 0.7 mm, 1 
mm and d=  1.4 mm with etched square area kept constant at a = 6 = 2 mm for all 
cases.
Due to the constant etched square area dimension, a = b ^  2 mm, the effective 
inductance could be assumed to be constant for all three cases and any changes in 
frequency responses were due to variations in the etched circle diameter and gap distance. 
Unlike the influence of etched square area dimension, there were only slight deviations in 
the cut-off frequency despite large variations in the diameter of the circle. This meant that 
the diameter of the circle affected the effective inductance of the DGS circuit only 
slightly.
Evidently from Figure 2.14 (b), the three different diameters of circle gave 
almost identical 821 responses. As the diameter of the circle increased, the resonant 
frequency shifted only slightly lower in frequency due to the increased effective 
capacitance. The resonant frequencies for 0.7 mm, d=  1 mm and d = \ A  mm were at 
12.82 GHz, 12.66 GHz and 12.5 GHz respectively. From Figure 2.14 (b), the resonant 
frequency was centred around 12.66 GHz with deviation of less than 200 MHz when the
72
C h a p t e r ! :  Th e  S i m u l a t i o n  o f  A N o v e l  DGS P a t t e r n  W i t h  n o  N a r r o w  S l o t
diameter was varied from d  = 0.7 mm to d =  \ mm, and from d  = \ mm to d =  \ A  mm. 
Table 2.2 summarised the findings and extracted equivalent circuit parameters for the 
three different diameters of circle.
Table 2.2. Summary of findings and extracted equivalent circuit parameters for 
different diameters of circle while etched square area dimension was kept constant 
(a = b = 2 mm) for all cases.
Diameter of circle {a = b = 2 mm for all cases)
Cut-off frequency,^ 
(GHz)
d = 0.7 mm, 
/ = 0 . 2  mm
8.25
d=  1 mm,
/ = 0.25 mm
7.94
d=  1.4 mm, 
/ = 0.4 mm
7.66
Resonant frequency, 
/(G H z) 12.82 12.66 12.5
Capacitance, C (pF) 
Inductance, L (nH)
0.136
1.13
0.13
1.216
0.125
1.3
Loss Resistance, R 
(ohm)
1778.5 1596.2 1357.4
The extracted effective capacitance values in Table 2.2, were almost identical for 
all three different diameters of circle. Although variations in the gap distance dimension 
were less than variations in the dimension of the etched circle diameter, the influence of 
the gap distance on the effective capacitance of the novel DGS pattern was more 
dominant than the etched circle diameter. Evidently, even when the etched circle was 
much larger in diameter, identical frequency response was still achieved by slight
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variation in the gap distance dimension. An etched circle with a larger centre dimension 
can thus replace the small centre slot of a dumb-bell shaped DGS pattern for easier 
fabrication, as long as the effective capacitance value is preserved, to give identical 
performance. Furthermore, the strong dependency of the effective capacitance on the gap 
distance meant that the novel DGS pattern is more tolerant to any fabrication errors in its 
etched circle diameter. In contrast, any fabrication errors on the small slot width of the 
dumb-bell shaped DGS pattern would affect its frequency response.
Since the effective capacitances for all three diameters of circle were almost 
identical, the slight deviation in resonant frequencies in Table 2.2 was due to the 
increased effective inductance that arose from the larger circumference which the current 
return path had to travel.
As the diameter of the circle increased, the loss resistance, R, decreased. Hence, 
the larger the etched circle diameter, the more loss the novel DGS pattern. Despite more 
loss, the difference in stop-band attenuation between d  = 0.7 mm and d =  \ A  mm was 
only 2.61 dB.
Evidenced from Figure 2.14 (b), the change in S21 responses between d=  0.7 mm 
and d =  \ A  mm was not very great even when the difference in diameter was 0.7 mm. 
The difference in resonant frequencies between the two novel DGS patterns was 320 
MHz (12.82 GHz -  12.5 GHz).
To further illustrate the applicability and stronger dependency of the effective 
capacitance on the gap distance of the novel DGS pattern at a different frequency range, 
two novel DGS patterns with etched circle diameters, d =  \ A  mm and d  = 2.8 mm were 
simulated. The etched square area dimension was kept constant at a  = = 7.5 mm for
both cases, while their gap distances (J) were optimised to achieve similar frequency 
responses. The optimised gap distances were found to be / = 0.5 mm and / = 1.2 mm for d  
= 1.4 mm and r/=  2.8 mm respectively. Figure 2.15 shows the simulated results.
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Figure 2.15. Simulated S-parameters of novel DGS pattern for etched circle 
diameters, d = 1.4 mm and d = 2.8 mm, while the etched square area was kept 
constant at a = 6 = 7.5 mm for both cases.
Evidently from Figure 2.15 (b), the two frequency responses were similar. For <i =
1.4 mm, the resonant frequency was at 4.41 GHz, while the resonance for d  = 2.8 mm 
was at 4.42 GHz. Hence, a deviation of only 10 MHz in resonant frequency was achieved
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with the larger etched circle diameter {d = 2 . 8  mm) and its larger gap distance (/ = 1 .2  
mm), where both dimensions could be fabricated easily and in turn, posed less fabrication 
errors. However, the larger etched circle had a smaller stop-band attenuation than the 
smaller etched circle. For 6/=  1.4 mm, the attenuation at stop-band was -28.6 dB, while 
the attenuation was only -25.7 dB for d =  2.8 mm. The smaller stop-band attenuation of 
the larger etched circle, was due to its larger etched aperture that resulted in a larger loss. 
Table 2.3 summarised the extracted equivalent circuit element parameters.
Table 2.3. Summary of extracted equivalent circuit parameters for etched circle 
diameters, d = 1.4 mm and d  = 2.8 mm, while the etched square area dimension was 
kept constant (a = b = 7.5 mm) for both cases.
Diameter of circle (a = b = 7.5 mm for all cases)
1.4 m m ,/=  0.5 mm 2.8 m m ,/=  1.2 mm
Cut-off frequency, fc
(GHz) 1.96 1.9
Resonant frequency,
(GHz) 4.41 4.42
Capacitance, C (pF) 0.2 0.19
Inductance, L (nH) 6.52 6.83
Loss Resistance, (ohm) 2309.5 1718
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2.6.3 Th e  Effe c t  of  Ga p  D ist a n c e  Th a t  Jo in s  t h e  E t c h ed  
C ir c l e  In t o  th e  Tw o  Et c h e d  Sq u a r e  A rea s
In the previous section, the effective capacitance of the novel DGS pattern was 
shown to be mainly dependent on its gap distance. The intention of this section was to 
investigate the effect of variations in the gap distance only and thereby, validate the fact 
that a smaller gap distance results in a larger effective capacitance due to the 
establishment of a larger electric field. To verify this, the diameter, d, of the etched circle 
was kept constant at 1.4 mm, while the gap distance, /, was varied. A precision ruler 
available in the simulation software (ADS Momentum), was used when drawing the 
layout, to enforce the precision of the gap distance desired. The etched square area 
dimension was a = h ^  2 mm for all cases. Figure 2.16 shows the simulated frequency 
responses for different gap distances.
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Figure 2.16. Simulated S-parameters of novel DGS pattern with variations in gap 
distance, /, while the etched square area and diameter of circle were kept constant at 
a = b = 2 mm and d = 1.4 mm respectively.
From Figure 2.16 (b), as the gap distance, /, increased, the resonant frequency 
shifted to a higher frequency. For / = 0.55 mm, the resonant frequency was at 13.13 GHz, 
while for / = 0.95 mm, the resonant frequency was at 15.16 GHz. This deviation was due 
to the reduced effective capacitance, C, as the gap distance increased, which led to a 
larger gap separation at the two edges of the etched circle that joins the two etched square 
areas together. Table 2.4 tabulated the extracted equivalent circuit elements, in particular 
the effective capacitance, C, which showed that as the gap distance, /, increased, the 
effective capacitance value decreased.
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Table 2.4. Summary of findings and extracted equivalent circuit parameters for 
different gap distances, /, while etched square area dimension and diameter of circle 
were kept constant wta = b = 2 mm and d  = 1.4 mm respectively for all cases.
Diameter of circle, d = \ A  mm and etched square area dimension, a = b = 2 mm, were
kept constant for all cases
Cut-off frequency,^ (GHz)
Gap distance, / = 
0.55 mm 
7.9
Gap distance, / 
= 0.75 mm 
8.13
Gap distance, / = 
0.95 mm 
8.44
Resonant frequency, (GHz) 13.13 13.91 15.16
Capacitance, C (pF) 0.114 0 . 1 0 2 0.085
Inductance, L (nH) 1.285 1.289 1.3
Loss Resistance, R (ohm) 1218.8 1101.9 981.1
Notice that the effective inductances for all three different gap distances in Table 
2.4, were approximately the same because the etched square area dimension was kept 
constant for all three cases. As the gap distance was increased, the loss resistance 
decreased, which meant that a larger gap distance would result in more loss due to the 
larger overall etched aperture.
Figure 2.17 shows the simulated frequency responses due to variations in the gap 
distance (/) at a different frequency range. The etched square area dimension was 
increased to nr = ô = 7.5 mm, to bring the frequency range down to 6  GHz. The etched 
circle diameter was fixed at 1.4 mm. By keeping the dimensions of the etched square
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area and circle diameter constant, the gap distance was then varied for two different 
widths, / = 0.5 mm and / = 1 mm.
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Figure 2.17. Simulated S-parameters of novel DGS pattern due to variations in the 
gap distance (/) at a lower microwave frequency range. The etched square area and 
diameter of etched circle, were kept constant at a = /> = 7.5 mm and d  = 1.4 mm 
respectively for all cases.
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Clearly from Figure 2.17 (b), the resonance of the novel DGS pattern decreased in 
frequency as the gap distance (/) became smaller. Again, this advocated what was 
mentioned earlier, that the decrease in resonant frequency was due to the increased 
effective capacitance from the smaller gap distance. Thus, the effective capacitance of the 
novel DGS pattern is dependent on the gap distance (/) and a smaller gap distance results 
in a larger effective capacitance. Table 2.5 summarised the circuit element values.
Table 2.5. Summary of extracted equivalent circuit parameters for different gap 
distances, /, while etched square area dimension and diameter of circle were kept 
constant 2d a = b = 7.5 mm and d = \ A  mm respectively for all cases.
Diameter of circle and etched square area dimension were kept 
constant at J  = 1.4 mm and a = b = 1.5 mm for all cases
Cut-off frequency,^ (GHz)
Gap distance, / = 
0.5 mm 
1.96
Gap distance, / = 
1 mm 
2
Resonant frequency, (GHz) 4.41 4.92
Capacitance, C (pF) 0 . 2 0.158
Inductance, L (nH) 6 J 2 6.64
Loss Resistance, R (ohm) 2309.5 1845.5
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2.7 C o n c l u sio n
The dumb-bell shaped DGS pattern is widely implemented in many microwave 
circuits because of its simplicity and it involves few design parameters. However, the 
narrow slot in the centre of the dumb-bell shaped DGS pattern poses a fabrication 
difficulty if steep attenuation slope for good low-pass filter applications are desired. This 
is due to the fact that the effective capacitance of this pattern is dependent on the slot 
width which gives a steeper attenuation slope if the slot is narrower. In addition, the 
dumb-bell shaped DGS pattern is very susceptible to variations in the dimension of the 
slot width.
A novel DGS pattern was proposed and verified by simulations in this chapter to 
overcome the limitation of the dumb-bell shaped DGS pattern. The novel DGS 
pattern has an etched circle in its centre, that joins the two etched square areas 
together. In contrast to the uniform effective capacitance contribution along the length of 
the small rectangular slot in a dumb-bell shaped DGS pattern, the effective capacitance of 
the novel DGS pattern is not uniform along the circumference of the etched circle. In 
fact, its effective capacitance is found to be mainly dependent on the gap distance (/), and 
is less dependent in the diameter {d) of the etched circle. Hence, a larger etched circle 
diameter (d) can replace the small slot of a dumb-bell shaped DGS pattern, provided the 
gap distance (/) is optimised to achieve the same frequency response. Thus, the larger 
centre dimension of the novel DGS pattern would provide further ease in fabrication.
A novel DGS pattern with an etched circle diameter, d=  0.9 mm and gap distance, 
/ = 0.29 mm was shown by simulations to achieve almost identical frequency response as 
a dumb-bell shaped DGS pattern with a slot width, g = 0.2 mm. Therefore, the novel 
DGS pattern possesses a larger centre dimension for the same frequency response and 
would provide further ease in fabrication compared to the dumb-bell shaped DGS pattern.
Simulation results in this chapter also confirmed that the effective capacitance of 
the novel DGS pattern is less dependent in the diameter of the etched circle, and mainly
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dependent on the gap distance (/). This was shown by varying the diameters of the etched 
circle, while their gap distances (/) were optimised to achieve the same frequency 
response. The ability of a larger etched circle to achieve the same frequency response 
meant that the effective capacitance of the novel DGS pattern is mainly dependent on its 
gap distance, and less dependent on the diameter of its etched circle. For variation in 
circle diameter from d  = 0.7 mm to = 1 mm, and from d  = \ mm to d =  1.4 mm, the 
deviation in resonant frequencies was less than 200 MHz. The investigation of variations 
in the diameter of the etched circle was further extended to a lower frequency range. A 
deviation of only 10 MHz in resonant frequency was achieved with a larger etched circle 
diameter {d = 2.8 mm) relative to a smaller circle with diameter, d  = l A  mm. The 
stronger dependency of the effective capacitance on the gap distance meant that the 
perform ance o f the novel DGS pattern  is m ore to le ran t to any fabrica tion  
errors in its circle diameter. In comparison, any variations in the centre slot width of a 
dumb-bell shaped DGS pattern would affect its frequency response.
The effect of variations in the gap distance was investigated by simulations in this 
chapter. It was found that as the gap distance increased, the effective capacitance of the 
novel DGS pattern decreased slightly because of the greater gap separation that resulted 
in a smaller electric field across. For an etched circle diameter, d =  \ A  mm, and etched 
square area dimension at A = 6  = 2 mm, the effective capacitance was 0.114 pF for a gap 
distance, / = 0.55 mm while for / = 0. 95 mm, the capacitance was 0.085 pF. Similarly, 
the extracted effective capacitance value was 0.2 pF for an etched circle diameter, d = l A  
mm, etched square area dimension, a = b = 1.5 mm, and gap distance, / = 0.5 mm; while 
the same etched circle diameter and etched square area dimension, but a gap distance, / = 
1 mm gave an effective capacitance of 0.158 pF.
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3 P r a c t ic a l  Im pl e m e n t a t io n  o f  t h e  N o v e l  
DGS Pa tter n
3.1 In t r o d u c t io n
In the previous chapter, the novel DGS pattern was unveiled and investigated by 
simulations. Here, in this chapter, the implementation and feasibility of the novel DGS 
pattern were confirmed by measurements. Parametric study on the dimensional aspects of 
the novel DGS pattern that were investigated by simulations in the previous chapter, were 
also justified experimentally in this chapter.
3.2 D e sig n  a n d  C o n st r u c t io n  o f  Th e  N o v e l  DG S  
Pa t t e r n
The layout of the novel DGS pattern was drawn in ADS Momentum where all 
dimensions were drawn with precision using a ruler tool available in the software. The 
finished layout design was then exported into a file format for printing on a paper mask 
using a laser printer. Fabrication of the novel DGS pattern was achieved using 
conventional PCB lithography fabrication process and equipment. Due to the inexpensive 
fabrication process and equipment, DGS low-pass filters are more attractive than 
conventional microstrip low-pass filter designs, which require precise fabrication 
techniques and equipment to realise the narrow microstrip lines for good filtering 
characteristics.
The novel DGS pattern was implemented on a RT Duroid 6010 substrate with a 
dielectric constant of 10.5 and a thickness of 0.635 mm. Given the substrate
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characteristics, the width of a 50 Q microstrip line corresponded to 0.566 mm. The 
length of the microstrip line was set at a standard length of 2 cm for all DGS circuits.
3.3 Ex p e r im e n t a l  Se t u p  a n d  C o n fig u r a t io n
In order to obtain good results and repeatability in measurements, the novel DGS 
circuit was mounted on a Wiltron 3680K Universal Test Fixture with a return loss of 
greater than 17 dB and an insertion loss of smaller than ±0.1 dB for a frequency range 
from DC to 20 GHz, as noted in its specification (see Appendix II). The Universal Text 
Fixture was then connected to a HP 85IOC VNA (Vector Network Analyser) to measure 
the S-parameters of the novel DGS pattern from DC to 20 GHz. Figure 3.1 shows a 
drawing of the experimental setup.
Novel DGS circuit
HP 85100 VNA
Port 1 Port 2
Wiltrcn 3680K Universal 
Test Fixture
mounted on Universal 
Test Fixture
Figure 3.1. Experimental setup to measure S-parameters of novel DGS circuit.
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With the VNA connected to the Universal Test Fixture, a SOLT (Short, Open, 
Load, Through) method was used to calibrate the VNA for the desired frequency range of 
measurement from DC to 20 GHz. The Wiltron 3680K Universal Test Fixture has a 
calibration kit that includes short, open, load and through standard components. However, 
the only standard that was not used from the calibration kit, was the through line 
component. This was because the insertion loss of a microstrip through line is dependent 
on the underlying substrate characteristics implemented. The through line standard from 
the calibration kit was on an alumina substrate with a thickness of 0.381 mm, while the 
substrate employed throughout the experiments here was on a RT Duroid 6010 with a 
thickness of 0.635 mm. Hence, if the through line standard from the calibration kit was 
used to calibrate the VNA, then all subsequent measurements of the novel DGS circuits 
on a different substrate property just mentioned, would give inaccurate 821 
measurements. In order to rectify this problem, a 50 Q microstrip through line was 
fabricated on the same substrate used for the experiments in this chapter, which then 
served as the through line standard to calibrate the VNA. The length of this microstrip 
through line standard also corresponded to 2 cm, which was set for all DGS circuits in 
this chapter.
3.4 E x p e r im e n ta l  V e r i f i c a t i o n  o f  t h e  N o v e l  DGS 
P a t t e r n  in  C o m p a r iso n  W ith  a  D u m b -b e ll  S h a p ed  
DGS P a t t e r n
As shown in Figure 2.8 (b) of Section 2.5 in Chapter 2, a novel DGS pattern with 
an etched circle diameter, d  = 0.9 mm, was found by simulation to give an almost 
identical frequency response as a dumb-bell shaped DGS pattern with a slot width, g  = 
0.2 mm. Practical measurements of these two DGS patterns were conducted to confirm 
the results. Figure 3.2 shows the simulated and measured S-parameters of the novel DGS 
pattern with d  = 0.9 mm, while the etched square area dimension was a = b = 2 mm. The 
gap distance (/) that would result in a similar effective capacitance as the dumb-bell 
shaped DGS pattern was found in the previous chapter to be 0.29 mm.
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Simulated novel DGS pattern with diameter, d = 0.9 mm 
Measured novel DGS pattern with diameter, d = 0.9 mm
Figure 3.2. Simulated and measured S-parameters of novel DGS pattern with 
diameter, d=  0.9 mm, and gap distance, / = 0.29 mm.
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Similar to the measured results of the dumb-bell shaped DGS low-pass filter by 
Ahn [25], the initial measured S-parameters of the novel DGS pattern were ‘bumpy’ and 
not smooth. This was due to errors introduced by the overall experimental setup. Hence, a 
smoothing function known as ‘moving average’, was used to smooth out the measured 
frequency responses. As shown in Figure 3.2, the measured frequency responses, in 
general, agreed quite well with the simulated frequency responses despite slight 
discrepancies between them. The reason why the measured frequency responses were still 
not entirely smooth was as mentioned earlier, due to the errors in the experimental setup 
and the fact that a high smoothing value was not used in order to preserve the shape of 
the curve. If a very high smoothing value was used, the shape of the frequency response 
will be distorted.
Figure 3.3 shows the simulated and measured S-parameters of a dumb-bell shaped 
DGS pattern with g  = 0.2 mm. The etched square area dimension was a ^  b = 2 mm.
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Figure 3.3. Simulated and measured S-parameters of the dumb-bell shaped DGS 
pattern with slot width, g = 0.2 mm.
Like the measured results of the novel DGS pattern, the measured frequency 
responses of the dumb-bell shaped DGS pattern were smoothed out using the ‘moving 
average’ function. Again, the ‘bumps’ in the measured S-parameters in Figure 3.3, were 
due to errors in the overall experimental setup. Despite this, the measured S-parameters 
agreed well with the simulated results.
Finally, the measured results of the novel DGS pattern with a diameter, d  = 0.9 
mm, were compared to the dumb-bell shaped DGS pattern with a slot width, g  = 0.2 mm 
in Figure 3.4.
89
C h a p t e r  3: P r a c t i c a l  I m p l e m e n t a  t i o n  o f  Th e  N o v e l  DGS P a  t t e r n
-1 0^
c/3
-30^
-35
-40
-45-'
0 2 64 8 10 12 14 16 18 20
Frequency (GHz) 
(a) S l l  results
- 10 -
CD~a
-20
-25
-30
0 2 4 6 8 10 12 14 16 18 20
Frequency (GHz) 
(b) S21 results
Measured dumb-bell shaped DGS pattern with slot width, g = 0.2 mm 
Measured novel DGS pattern with diameter, d = 0.9 mm
Figure 3.4. Comparison of the measured S-parameters of the dumb-bell shaped 
DGS pattern with slot width, g = 0.2 mm and the novel DGS pattern with diameter, 
d=  0.9 mm.
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Evidently from Figure 3.4, the measured S-parameters of the novel DGS pattern 
were in good agreement with the dumb-bell shaped DGS pattern. As discussed previously, 
the effective inductance of a DGS pattern is mainly dependent on the etched square areas, 
while the effective capacitance is due to the smaller etched dimension in the DGS pattern. 
For the dumb-bell shaped DGS pattern, this smaller etched dimension is the narrow slot 
while for the novel DGS pattern, the smaller etched dimension is the etched circle. 
Therefore, with the etched square area dimension kept constant at nr = = 2 mm for both
the novel DGS pattern and the dumb-bell shaped DGS pattern, the almost similar 
resonant frequency at about 12.8 GHz, implied that the novel DGS pattern was able to 
achieve the same effective capacitance as the dumb-bell shaped DGS pattern with its 
larger etched circle.
Measured results in Figure 3.4 had proven the novel DGS pattern experimentally, 
to give identical frequency response as a dumb-bell shaped DGS pattern, but with a larger 
dimension at its centre. An etched circle diameter, d  = 0.9 mm, was shown to exhibit the 
same effective capacitance as a dumb-bell shaped DGS pattern with a slot width, g = 0.2 
mm. Hence, the novel DGS pattern was much easier to fabricate due to its larger centre 
aperture compared to the dumb-bell shaped DGS pattern. Figure 3.5(a) shows a 
photograph of the fabricated novel DGS pattern with d=  0.9 mm on the right, along with 
a dumb-bell shaped DGS pattern with a slot width, g  = 0.2 mm on the left.
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(a)
50%um^
(b)
Figure 3.5. (a) A photograph showing the etched circle of the novel DGS pattern on 
the right, which has a larger dimension in its centre, compared with the narrow slot 
width of the dumb-bell shaped DGS pattern on the left (b) An electron scan 
microscope picture showing the etched circle of the fabricated novel DGS pattern.
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3.5 E x p e r im e n ta l  P a r a m e t r ic  S tu d y  o f  t h e  N o v e l  DGS 
P a t t e r n
In the previous chapter, a detailed parametric study on the dimensional aspects of 
the novel DGS pattern in the previous chapter was investigated by simulations. The 
intention of this section was to verify and confirm experimentally, variations in the 
dimension of the novel DGS pattern.
3.5.1 Ex p e r im e n t a l  St u d y  o n  th e  Effe c t  o f Va r y in g  
E t c h e d  Sq u a r e  A r e a  D im e n sio n
The effect of varying the etched square area dimension of the novel DGS pattern 
was investigated experimentally, by changing the etched square area dimension ( a x 6 )
while the etched circle diameter {d) and gap distance (/) were kept constant at 1.4 mm 
and 0.4 mm for all cases. The etched square area was varied for three different 
dimensions, a = 6  = 1.5 mm, 2 mm and 2.5 mm. Figures 3.6 to 3.8 show the measured S- 
parameters for the three different etched square areas, along with their corresponding 
simulated S-parameters.
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Simulated novel DGS pattern with etched square area, a = b = 1.5 mm 
Measured novel DGS pattern with etched square area, a = b = 1.5 mm
Figure 3.6. Simulated and measured S-parameters of the novel DGS pattern with 
etched circle diameter, d =  1.4 mm, gap distance, /  = 0.4 mm and etched square area 
dimension sit a = b = 1.5 mm.
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Figure 3.7. Simulated and measured S-parameters of the novel DGS pattern with 
etched circle diameter, d = 1.4 mm, gap distance, / = 0.4 mm and etched square area 
dimension at a = 6 = 2 mm.
95
C h a p t e r  3: P r a c t i c a l  I m p l e m e n t a t i o n  o f  Th e  N o v e l  DGS P a t t e r n
-10
-2 0 : 
2 - -30:
-50:
0 2 4  6 8 10 12 14 16 18 20
Frequency (GHz)
(a) S l l  results
m _ 1 0 4
(I)
- 20 -_
-254
-30-
Frequency (GHz) 
(b) S21 results
Simulated novel DGS pattern with etched square area, a = b = 2.5 mm 
Measured novel DGS pattern with etched square area, a = b = 2.5 mm
Figure 3.8. Simulated and measured S-parameters of the novel DGS pattern with 
etched circle diameter, d = 1.4 mm, gap distance, / = 0.4 mm and etched square area 
dimension at a = 6 = 2.5 mm.
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From Figure 3.8, the measured S-parameters for the three different etched square 
area dimensions, agreed quite well with the simulated results. A noticeable shift was 
observed in the measured S21 response for all the three different etched square area 
dimensions, as shown in the location of the resonant frequency when compared to the 
simulated results. This shift in the resonant frequency was smaller than 750 MHz for all 
three cases. Since the measured S21 results had the same 3 dB cut-off frequency relative 
to their corresponding simulated S21 results, the effective inductance value of the 
measured circuits agreed well with the simulated circuits; which meant that the two 
etched square area dimensions responsible for the inductance of the DGS circuit were 
fabricated reasonably well. This is logical because the two etched square area dimensions 
were quite large {a = b = 2 mm) and could be fabricated easily. Therefore, the cause of 
the shift in resonant frequency was probably due to fabrication errors in the gap distance 
(/)• The effective capacitance of the novel DGS circuit is as shown in the previous chapter 
to be mainly dependent on this gap distance. Any deviations from its desired dimension 
will result in a shift in the resonant frequency. Figure 3.9 shows the comparison of the 
measured S-parameters for the three different etched square area dimensions.
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Figure 3.9. Comparison of measured S-parameters of the novel DGS pattern with 
different etched square area dimensions while the etched circle diameter and gap 
distance were kept constant 2d d =  0.7 mm and / = 0.4 mm for all cases.
From Figure 3.9 (b), as the etched square area dimension increased, the 3 dB cut­
off point shifted to a higher frequency. The existence of a 3 dB cut-off frequency implied 
that the inductance of the microstrip was increased by etching the DGS pattern in the 
ground plane. Since the effective inductance of a DGS circuit is dependent on the two 
etched square areas, any changes in the dimension of the etched square area will result in 
different inductance values, as evidenced by the shift in the location of the 3 dB cut-off 
frequency. So, as the etched square area dimension was varied, the inductance value 
changed, which then resulted in a shift in the resonant frequency.
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3.5.2 E x p e r im e n t a l  St u d y  o n  t h e  Ef f e c t  o f  Va r y in g  
E t c h e d  C ir c l e  D ia m e t e r
In this section, it was shown experimentally that the effective capacitance of the 
novel DGS pattern is mainly dependent on its gap distance (/) and less dependent on its 
etched circle diameter {d). This was shown by fabricating different diameters of the 
etched circle, while their gap distances were optimised to achieve the same frequency 
response; provided the etched square area dimension was kept constant for all cases. Thus, 
the ability to exhibit the same frequency response meant that the different diameters of 
etched circle were able to achieve the same effective capacitance value by smaller 
variations in their gap distances, in comparison to larger variations in the etched circle 
diameter.
Three different diameters of etched circle were fabricated {d = 0.7 mm, d  = \ mm 
and d =  \ A  mm), with the etched square area dimension kept constant dX a = h = 2 mm. 
The gap distance, /, was optimised for all the different diameters of etched circle to obtain 
the same effective capacitance value. It was found earlier from simulations in Chapter 2 
that optimal values of the gap distance were, / = 0 . 2  mm for d  = 0 . 7  mm, / = 0.25 mm for 
d = \  mm and / = 0.4 mm for 1.4 mm Figures 3.10 to 3.12 show the measured results 
along with their simulated results for comparison.
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simulated etched circle diameter, d = 0.7 mm 
measured etched circle diameter, d = 0.7 mm
Figure 3.10. Simulated and measured S-parameters of the novel DGS pattern with 
etched circle diameter, d = 0.7 mm. The etched square area dimension was a = b = 2 
mm while the gap distance was, /  = 0.2 mm.
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Figure 3.11. Simulated and measured S-parameters of the novel DGS pattern with 
etched circle diameter, d = \  mm. The etched square area dimension was a = b = 2 
mm and the gap distance was, / = 0.25 mm.
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simulated etched circle diameter, d = 1.4 mm 
measured etched circle diameter, d = 1.4 mm
Figure 3.12. Simulated and measured S-parameters of the novel DGS pattern with 
etched circle diameter, d = 1.4 mm. The etched square area dimension was a = b = 2 
mm and the gap distance was, / = 0.4 mm.
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From Figures 3.10 to 3.12, the measured S21 responses showed a slight shift in 
the resonant frequency compared to the resonant frequency of simulated responses. This 
slight shift in resonant frequency was probably due to fabrication errors in the gap 
distance, which resulted in deviation of the desired effective capacitance value. A change 
in the effective capacitance value would then cause a shift in the resonant frequency 
location from its expected location. Deviation of less than 520 MHz was observed in the 
measured resonant frequency location when compared to the simulated results, for all 
three different diameters of etched circle. In general, all the measured responses agreed 
quite well with the simulated responses. Figure 3.13 shows the comparison of the 
measured S-parameters for the three different etched circle diameters.
0 2 4 6  8  10 12 14 16 18 20
Frequency (GHz)
diameter, d = 0.7 mm 
diameter, d = 1 mm 
diameter, d = 1.4 mm
(a) S l l  responses
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Figure 3.13. Comparison of measured S-parameters of the novel DGS pattern with 
different diameters of the etched circle and optimised gap distances, while the 
etched square area dimension was kept constant at fl = /> = 2 mm for all cases.
The measured 821 responses for all the different diameters of etched circle in 
Figure 3.13 (b), exhibited the same resonant frequency at 13 GHz. Since the effective 
inductance was kept constant by fixing the etched square area dimension at a = Z? = 2  mm 
for all three different diameters, the same resonant frequency location implied that the 
identical effective capacitance value was achieved, despite the variations in diameter.
Notice that as the etched circle diameter was increased, the loss at stop-band 
attenuation increased too. For d  = 0.7 mm, the attenuation loss at stop-band was about - 
30 dB while for <7 = 1.4 mm, the loss was about -23 dB. The higher loss was due to the 
overall larger etched aperture of the larger etched circle compared to the smaller etched
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circle. Figure 3.14 below shows a photograph of the three fabricated diameters of etched 
circle. On the leftmost is the etched circle diameter, d=  0.7 mm, followed hy d = \  mm in 
the middle and d = \ A  mm was evidenced by its largest etched diameter at the far right.
Figure 3.14. A photograph showing the different diameters of etched circle that gave 
almost similar frequency response, as long as the gap distance (/) was optimised to 
obtain similar effective capacitance value.
The dependency of effective capacitance on the gap distance of the novel DCS 
pattern was also confirmed experimentally over a different frequency range. The etched 
square area was increased to a = = 7.5 mm, in order to lower the frequency range. With
the etched square area fixed at the dimension mentioned, two novel DGS patterns with 
etched circle diameters, <7 = 1.4 mm and d = 2.8 mm, along with their respective 
optimised gap distances, / = 0.5 mm and / = 1.2 mm, were fabricated. Due to the 
malfunction of the HP 8510C VNA at that point in time, an Agilent 8753E VNA that has
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a frequency span of up to 6  GHz was sought to conduct the measurements. Figures 3.15 
and 3.16 show the measured results, along with their simulated results for comparison.
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simulated etched circle diameter, d = 1.4 mm 
measured etched circle diameter, d = 1.4 mm
Figure 3.15. Simulated and measured S-parameters of the novel DGS pattern with 
etched circle diameter, d = 1.4 mm. The etched square area dimension was a = b =
7.5 mm and the gap distance was, / = 0.5 mm.
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simulated etched circle diameter, d = 2.8 mm 
m easured etched circle diameter, d = 2.8 mm
Figure 3.16. Simulated and measured S-parameters of the novel DGS pattern with 
etched circle diameter, d = 2.8 mm. The etched square area dimension was a = b =
7.5 mm and the gap distance was, /=  1.2 mm.
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Initial measured S-parameters for the two different etched circles were not smooth, 
due to errors in the total experimental setup. The measured frequency responses shown in 
figures 3.15 and 3.16 were the resultant smoothed out responses using a ‘moving 
average’ smoothing function. Notice that in comparison with the smoothed out frequency 
responses measured using the previous HP 85IOC VNA (for examples, Figure 3.13 (b). 
Figure 3.12 (b) and Figure 3.11 (b)), the smoothed out frequency responses measured 
with the Agilent 8753E VNA were undoubtedly much smoother. Conclusively, the 
overall experimental setup with the Agilent 8753E VNA incurred less errors than the 
previous setup. This further confirmed that the ‘bumps’ which appeared in the S21 
responses (for examples. Figure 3.13 (b). Figure 3.12 (b) and Figure 3.11 (b)) even after 
being smoothed out in earlier measurements, were not due to the novel DGS design.
From figures 3.15 (b) and 3.16 (b), the deviations in resonant frequency between 
the measured and simulated responses, were 180 MHz and 290 MHz fox d =  1.4 mm and 
d =  2.8 mm respectively. However, a difference of about 10 dB in stop-band attenuation 
was observed between the simulated and measured 821 responses. In fact, both the 
measured 821 responses gave a better stop-band attenuation (>33 dB) than the simulated 
results (<27.5 dB). Nevertheless, the simulated results predicted the resonant frequency 
and 3-dB cut-off frequency locations very well.
Figure 3.17 shows the comparison of the measured 8 -parameters for the two 
different etched circle diameters. Clearly, the larger etched circle {d=2.% mm) exhibited 
similar 821 response compared to the smaller etched circle {d = 1.4 mm), with a 
deviation of only 120 MHz in resonant frequency between the two. Despite the similar 
821 response obtained with the larger etched circle, a slightly smaller stop-band 
attenuation was observed for the larger etched circle. For 1.4 mm, the measured stop­
band attenuation was -37 dB, while the stop-band attenuation was -34.5 dB for d  = 2.8 
mm. The smaller stop-band attenuation was due to the larger loss, associated with the 
larger etched aperture of the bigger circle.
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Figure 3.17. Measured S-parameters of the novel DGS pattern with etched circle 
diameters, d = 1.4 mm and d = 2.8 mm, while the etched square area dimension was 
kept constant at a = 6 = 7.5 mm for both cases.
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Figure 3.18 below shows a photograph of the fabricated novel DGS patterns, 
where the one with the larger etched circle diameter { d ^  2 . 8  mm) on the right, achieved 
similar frequency response to the one with the smaller etched circle diameter {d= 1.4 mm) 
on the left. This was only possible, provided the gap distance was optimised to obtain 
similar effective capacitance value.
Figure 3.18. A photograph showing the two fabricated novel DGS patterns, where 
the larger etched circle {d = 2.8 mm) on the right was able to produce similar 
frequency response as the smaller etched circle {d = 1.4 mm) on the left.
To illustrate the ease of fabrication with the novel DGS pattern as compared to the 
dumb-bell shaped DGS pattern; a dumb-bell shaped DGS pattern with the same etched 
square area as the novel DGS pattern in Figure 3.15 was built, while its slot width (g) was 
varied until a similar frequency response was obtained. A slot width of 0.3 mm was 
found to give a similar frequency response as the novel DGS pattern with etched circle 
diameter, d= \ A  mm, gap distance, I = 0.5 mm and etched square area, b = 1.5 mm. 
Evidently, the dimensions of the novel DGS pattern were much easier to fabricate when 
compared to the dumb-bell shaped DGS pattern for the same frequency response. Figure 
3.19 shows the simulated and measured S-parameters of the dumb-bell shaped DGS 
pattern with a slot width, g  = 0.3 mm and etched square area, a = b = 1.5 mm, while
1 1 0
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Figure 3.20 shows the two similar frequency responses between the measured novel DGS 
pattern and the dumb-bell shaped DGS pattern.
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simulated dumb-bell DGS with slot width, g = 0.3 mm 
measured dumb-bell DGS with slot width, g = 0,3 mm
Figure 3.19. Simulated and measured S-parameters of the dumb-bell shaped DGS 
pattern with etched square area, a = b = l.S mm, and slot width, g  = 0.3 mm.
I l l
C h a p t e r  3 : P r a  c t i c a l  I m p l e m e n t a  t i o n  o f  Th e  N o  v e l  DGS P a  t t e r n
-10
-40
-50
o u i o b i o b i o c n o o i o
o  o  
o  cn
Frequency (GHz)
(a) S l l  results
-10
- 20 -
CM
CO
-30
-40
b i < 3 ü i ( 3 c r i O ü i o a i i 3
o  o  -»• 
o  cn o
Frequency (GHz)
(b) S21 results
m easured dumb-bell DGS pattern 
m easured novel DGS pattern
Figure 3.20. Similar frequency response between the measured novel DGS pattern 
and the dumb-bell shaped DGS pattern.
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3.5.3 Ex p e r im e n t a l  St u d y  o n  t h e  E f f e c t  o f  V a r y in g  T h e  
G ap  D ist a n c e  Th a t  J o in s  t h e  Tw o  E t c h e d  Sq u a r e  
Ar e a s
In this section, the effect of variations in the gap distance (/) that joins the two 
etched square areas was investigated experimentally. The intention of this section was to 
confirm that a smaller gap distance (I) would result in a larger effective capacitance due 
to the establishment of a larger electric field across the gap.
Due to the malfunction of the HP 85 IOC VNA, simulated results on the effect of 
the gap distance (/) for the novel DGS pattern that was designed for a cut-off frequency 
of about 8  GHz in the previous chapter, were not able to confirm here. Instead, variations 
in the gap distance (/) which were also investigated at a lower frequency range in the 
previous chapter, were verified using the Agilent 8753E VNA (frequency range of up to 
6  GHz).
A novel DGS pattern with a gap distance, 1=1  mm was built and compared with 
the novel DGS pattern back in Figure 3.15, that has a gap distance, / = 0.5 mm. The 
etched square area and etched circle diameter, were kept constant at a  = = 7.5 mm and
(7= 1.4 mm respectively for both cases. Figure 3.21 shows the simulated and measured 
frequency responses of the novel DGS pattern with the gap distance, 1 = 1  mm. From 
figure 3.21, the measured frequency responses agreed quite well with the simulated 
frequency responses. In fact, the measured S21 was shown to exhibit better stop-band 
attenuation than the simulated S21. Deviation in resonant frequencies between the 
simulated and measured results was observed to be less than 200 MHz.
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Figure 3.21. Simulated and measured S-parameters of the novel DGS pattern with 
gap distance, / = 1 mm. The etched circle diameter and etched square area, were d = 
1.4 mm and a = b = 7.5 mm respectively.
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Figure 3.22 shows the comparison of the measured S-parameters for the two 
different gap distances. As the gap distance (/) increased, the resonance shifted higher in 
frequency. With the etched square area and etched circle diameter kept constant, 
the higher shift in resonance was attributed to the decrease in effective capacitance 
that resulted from the sm aller electric field across the larger gap distance. 
Conversely, as the gap distance (/) decreased, the resonance shifted lower in frequency 
due to the increased effective capacitance.
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Figure 3.22. Comparison of measured S-parameters for the novel DGS pattern with 
gap distances, / = 0.5 mm and / = 1 mm. The etched square area dimension and 
etched circle diameter, were kept constant at a =  ^ = 7.5 mm and d = 1.4 mm 
respectively for both cases.
3.6 Co n c l u sio n
In this chapter, the feasib ility  o f the novel DGS pattern was proven 
experimentally and shown to alleviate the fabrication of the small centre slot found in 
existing dumb-bell shaped DGS patterns. Experimental results confirmed that an almost 
identieal frequency response was achieved for a novel DGS pattern with etched circle 
diameter, d  = 0.9 mm, gap distance, / = 0.29 mm and etched square area, a = b = 2 mm; 
in comparison to a dumb-bell shaped DGS pattern with the same etehed square area, but a 
slot width (g) of 0.2 mm. Similarly, at a lower frequeney range, a novel DGS pattern with 
etched square area, a = b = 1.5 mm, etched circle diameter, d = \ A  mm and gap distance.
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I = 0.5 mm, was able to achieve identical frequency response to that of a dumb-bell 
shaped DGS pattern with the same etched square area, but at a slot width (g) of 0.3 mm. 
Hence, the novel DGS pattern was easier to fabricate than the dumb-bell shaped DGS 
pattern with the small centre slot.
Experimental parametric study of the novel DGS pattern was also conducted in 
this chapter. As the etched square area dimension increased, the location of the 3 dB cut­
off frequency was found to be shifted higher in frequency. This was due to the fact that 
the effective inductance of the novel DGS pattern is dependent on the etched square area 
dimension. So, a larger etched square area would incur a higher inductance, which was 
characterised by the higher frequency shift of the 3 dB cut-off location.
The effective capacitance of the novel DGS pattern was shown to be mainly 
dependent on its gap distance (I), and less dependent on its etched circle diameter (d). 
This point was proven experimentally by replacing a smaller etched circle with a larger 
circle with the same etched square area, while the gap distance (/) of the latter was 
optimised to obtain a similar frequency response. In effect, a similar frequency response 
meant that the larger etched circle was able to achieve the same effective capacitance as 
the smaller circle by small variation in its gap distance, in contrast to the larger change in 
diameter. Hence, the stronger dependency of effective capacitance on the distance of the 
gap rather than its etched circle diameter was justified. Three diameters of etched circle 
(d = 0.7 mm, d  = 1 mm and d  = 1.4 mm) were fabricated with the etched square area 
dimension kept constant at nr = b = 2 mm for all three. The optimal values of gap distance 
(/) that would give the same effective capacitance, were found by simulations in the 
previous chapter to be / = 0.2 mm for d = 0.7 mm, / = 0.25 mm for J  = 1 mm and / = 0.4 
mm for nf = 1.4 mm. Measured results showed that the three different diameters gave the 
same resonant frequency at 13 GHz. However, a larger stop-band attenuation loss was 
observed for the larger etched circle due to the larger etched aperture. The difference in 
stop-band attenuation between 6/=  0.7 mm andd=  1.4 mm was 7 dB.
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The dependency of the effective capacitance on the gap distance (/) of the novel 
DGS pattern was also confirmed at a lower frequency range of up to 6  GHz. 
Experimental results showed that a larger etched circle diameter, d  = 2.8 mm, achieved 
similar frequency response to a smaller etched circle diameter of nf = 1.4 mm. The 
deviation in resonant frequency and the difference in stop-band attenuation were only 1 2 0  
MHz and 2.4 dB respectively, between the two different etched diameters. This was 
possible because the gap distance (/) of the larger etched circle was optimised to achieve 
similar effective capacitance value as the smaller etched circle. The fact that the effective 
capacitance of the novel DGS pattern is mainly dependent on its gap distance, and not its 
etched circle diameter, meant that the novel DGS pattern is more tolerant to any 
fabrication errors in its etched circle diameter.
In the previous chapter, a smaller gap distance (/) was shown by simulations to 
result in a larger effective capacitance value. This chapter experimentally verified that as 
the gap distance (/) decreased, the resonance shifted lower in frequency due to the larger 
effective capacitance. For / = 0.5 mm and 1=1  mm, the measured resonant frequencies 
were 4.59 GHz and 5.1 GHz respectively. With the etched square area and etched circle 
diameter kept constant, the lower shift in resonance for a decrease in gap distance (/) was 
due to the increased effective capacitance caused by the increased electric field across the 
smaller gap. Therefore, a smaller gap distance results in a larger effective capacitance 
than a larger gap distance.
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4 A  R e d u c e d  S ize  N o v e l  D G S B a n d -S to p  
F ilter
4.1 In t r o d u c t io n
The wide applications of DGS we^ re highlighted in_Chapter 1. A single DGS 
pattern can be utilised as a band-stop filter or as a resonator, because of its inherent 
resonance nature. As discussed before, a single DGS pattern is represented by an 
equivalent circuit of an inductance, L, in parallel with a capacitance, C. The application 
of a single DGS pattern at the lower frequency end of the microwave spectrum gives rise 
to the issue of a large circuit board area being occupied by the etched pattern. This is 
because the effective inductance, L, of the DGS pattern has to be increased to bring the 
resonance down to the required lower frequency. For instance, on a substrate with a 
dielectric constant of 10.5 and a thickness of 0.635 mm, the required etched square area 
for a desired resonant frequency of 3.5 GHz is 10x10 mm^. An alternative solution to the 
large DGS size is to fix the etched square area dimension, and increases the effective 
capacitance, C, of the pattern to bring the resonance down to the desired lower frequency. 
For the dumb-bell shaped DGS pattern and the novel DGS pattern, the effective 
capacitance is dependent on the slot width (g) and the gap distance (/) respectively. A 
smaller gap will result in a greater effective capacitance value, but then the problem lies 
in the ability to fabricate such fine gaps for lower frequency operations; although the 
novel DGS pattern is easier to fabricate in comparison. Of course, high precision and 
high fabrication techniques can produce the required narrow gap. However, the use of 
such techniques comes at the expense of high cost equipment and sophisticated processes. 
In contrast, conventional PCB fabrication techniques are cheap and simple. The use of 
conventional PCB technique then poses a limitation to the effective capacitance that can 
be achieved. To leverage the low-cost technique of conventional PCB fabrication, an 
improvement to the novel DGS pattern was sought. In this chapter, an improved novel
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DGS pattern is presented, which achieved higher effective capacitance value and thus, 
reduced the size of the DGS pattern as a band-stop filter at lower microwave frequencies.
4.2 C o n c e pt u a l isa t io n  o f  th e  R e d u c e d  Siz e  Ba n d -S t o p  
F il t e r
In the design of the reduced size DGS band-stop filter, an important issue had to 
be taken into consideration. The shape of the new design must not introduce any 
significant increase in the effective inductance of the DGS pattern. As shown in Chapters 
2 and 3, an increase in effective inductance means that the two etched square areas have 
to be enlarged. Ultimately, the objective was to reduce the size of the DGS pattern by 
fixing the etched square areas to a reasonable dimension. The fixed etched square area 
would then produce a certain value of effective inductance, and the only other task was to 
increase the effective capacitance to bring the resonance to a lower frequency. Therefore, 
preservation of the etched square area was essential in order to keep the effective 
inductance value constant while only the effective capacitance value was increased.
In consideration of the issue just mentioned, the new improved DGS pattern was 
designed to obtain larger effective capacitance value, while preserving the effective 
inductance of the pattern at the same time. Figure 4.1 unveils the reduced size band-stop 
DGS filter. Although the new pattern adopted the etched circular shape in its centre for 
the benefits mentioned in chapters 2 and 3, the rectangular slot is also equally applicable. 
As shown in the figure, two square conductor patches were incorporated within the two 
etched square areas. The idea behind was to induce additional electric field by the close 
proximity of the square conductor patches and the outer conductor in the ground plane 
surrounding the DGS pattern. Hence, electric field was not only established across the 
gap distance (/), but also across the gap between the square conductor patches and the 
outer conductor. This then resulted in an increase in electric field and correspondingly, an 
increase in the effective capacitance of the DGS pattern.
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Since the square conductor patches were embedded within the etched square areas, 
the bulk of the return current still travels on the metallic ground plane surrounding the 
improved DGS pattern. Therefore, the current return path was more or less preserved, 
which would not incur any significant additional inductance. The preservation of the 
effective inductance value and an increase in effective capacitance due to the additional 
electric field, resulted in a lower resonant frequency. Hence, a smaller band-stop DGS 
filter was realised without enlarging the etched square areas of its pattern, for operation at 
lower microwave frequencies.
novel DGS 
pattern etched in 
ground plane
microstrip
line
conductor 
square 
patches in 
ground plane
Figure 4.1. Reduced size band-stop DGS filter which has square conductor patches 
embedded into the two etched square areas of its pattern.
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4.3 V e r ific a t io n  o f  Th e  Re d u c e d  Siz e  Ba n d -Sto p  DGS 
F il t e r  b y  Sim u l a t io n s
In this section, the reduced size band-stop DGS filter was verified by simulations 
to confirm the feasibility of this structure, along with comparisons between this new 
pattern, the novel DGS pattern and the dumb-bell shaped DGS pattern. In addition, the 
existence of the electric field between the square patches and the outer conductor in the 
ground plane was proven by simulations here, which would otherwise be difficult to 
demonstrate experimentally. The substrate used in the simulations had a dielectric 
constant of 10.5 and a thickness of 0.635 mm. The etched square area dimension and the 
etched circle diameter were fixed at a = b=7  mm and d =  \ A  mm respectively for both 
the novel DGS pattern and the improved DGS pattern, in order to illustrate the ability of 
the improved DGS pattern to produce a lower resonant frequency for the same given 
dimension. As for the gap distance (/), it was maintained at / = 0.5 mm for both cases. 
The additional parameter of the improved novel DGS pattern was the square patch area, 
which was fixed at e = / =  6  mm. The dumb-bell shaped DGS pattern was fixed at a slot 
width (g) of 0.3 mm, with the same etched square area of a = 6  = 7 mm. The width, w, of 
the microstrip line was 0.566 mm, which corresponded to a 50 Q line. Figure 4.2 
displays the simulated results.
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Figure 4.2. Comparison of simulated S-parameters between the improved novel 
DGS pattern, the novel DGS pattern and the dumb-bell shaped DGS pattern. The 
etched square area was kept constant at « = /> = 7 mm for all three cases.
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From Figure 4.2 (b), the improved novel DGS pattern exhibited a resonance at 3.5 
GHz, while the resonant frequency of the novel DGS pattern was 4.67 GHz for the same 
dimension. The dumb-bell shaped DGS pattern with a slot width (g) of 0.3 mm, only 
managed to achieve a resonance at 4.84 GHz. If the novel DGS pattern was to resonate 
at 3.5 GHz, the required etched square area was found to be 1 0 x 1 0  mm^. Hence, the 
novel DGS pattern would occupy a total etched area of 10x21.4 mm^. In comparison, 
the improved novel DGS pattern would only require a total etched area of 7x15.4mm^ to 
achieve the same objective. A size reduction of 50% in total etched area was thus 
achieved with the new improved DGS pattern.
Using Equations 2.11 and 2.12 (refer to Chapter 2), the extracted effective 
capacitance and inductance values of the improved DGS pattern are summarised in Table 
4.1.
Table 4.1. Comparison of equivalent circuit element values for the improved novel 
DGS pattern, the novel DGS pattern and the dumb-bell shaped DGS pattern.
Dumb-bell shaped 
DGS pattern
Novel DGS 
pattern
Improved novel 
DGS pattern
Parameter dimensions g  = 0.3 mm, d = 1.4 mm. d=  1.4 mm,
a = b = l mm / = 0.5 mm. I = 0.5 mm.
a = b = l mm a = b = l  mm,
e = / =  6 mm
Cut-off frequency, yê (GHz) 2.18 2 . 1 2 . 2
Resonant frequency, (GHz) 4.835 4.67 3.546
Capacitance, C (pF) 0.186 0.192 0.453
Inductance, L (nH) 5.82 6.05 4.45
Evidently from Table 4.1, the effective capacitance of the improved novel DGS pattern 
was greater than the effective capacitance of the novel DGS pattern and the dumb-bell 
shaped DGS pattern. An increase of 0.261 pF was achieved with the improved novel
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DGS pattern when compared to the novel DGS pattern; or in other words, a relative 
increase of 136% in effective capacitance was obtained. In comparison with the dumb­
bell shaped DGS pattern, the improved novel DGS pattern achieved a 0.267 pF increase 
in capacitance. A 144% increment in effective capacitance, relative to the dumb-bell 
shaped DGS pattern, was thus obtained with the improved DGS pattern.
Notice that the effective inductance of the improved novel DGS pattern was lower 
than the novel DGS pattern and the dumb-bell shaped DGS pattern, due to the fact that 
the introduction of the square conductor patches allowed induction of some current across 
and therefore, resulted in a shorter current return path. In turn, a shorter current return 
path resulted in a smaller effective inductance value for the improved novel DGS pattern.
There was another important reason why the square conductor patches should be 
incorporated within the etched square areas. This point was illustrated in Figure 4.3, 
which shows the simulated S21 responses of the improved novel DGS pattern and the 
novel DGS pattern at the same resonant frequency of 3.5 GHz. The dimensions of the 
improved novel DGS pattern and the novel DGS pattern to achieve this resonant 
frequency were as mentioned earlier, but of particular interest was the etched square area, 
which was a = b = l  mm for the improved novel DGS pattern and a = h = 10 mm for the 
novel DGS pattern. From Figure 4.3, the novel DGS pattern was shown to exhibit greater 
attenuation at frequencies below resonance. At 2 GHz, the attenuation was 6 .1 dB for the 
novel DGS pattern while the attenuation for the improved DGS pattern was only 2.2 dB. 
As a band-stop filter, it is important for the filter to exhibit low attenuation at frequencies 
away from resonance, in order to avoid attenuating signals of interest. Notice also from 
the figure that the novel DGS pattern had an asymmetrical frequency response, evidenced 
by the large attenuation at frequencies beyond resonance. This is undesirable for a band- 
stop filter where its main objective is to attenuate signals at resonance, but not to 
attenuate wanted signals below or above resonance. As such, maintaining a symmetric 
frequency response is essential for a band-stop filter. The improved novel DGS pattern 
was shown to exhibit close to an ideal symmetrical response.
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Figure 4.3. Simulated S21 responses of the novel DGS pattern and the improved 
novel DGS pattern, where the novel DGS pattern required larger etched square 
areas to exhibit the same resonant frequency. Notice that the novel DGS pattern 
showed greater attenuation at frequencies below and above resonance, and its 
frequency response is asymmetrical.
The rationale behind the greater attenuation at frequencies below resonance and 
the asymmetrical response of the novel DGS pattern, could be explained by a close 
examination of the extracted circuit element values between the improved novel DGS 
pattern and the novel DGS pattern in Table 4.2.
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Table 4.2. Extracted equivalent circuit element values of novel DGS pattern and 
improved novel DGS pattern in Figure 4.3.
Novel DGS pattern Improved novel DGS 
pattern
Parameter dimensions
Cut-off frequency,(G H z)
d=  1.4 mm,
/ = 0.5 mm 
a = b= \0 mm
1.42
d=  1.4 mm,
/ = 0.5 mm 
a ^ b = l mm 
e = / =  6 mm 
2.2
Resonant frequency, (GHz) 3.463 3.546
Capacitance, C (pF) 
Inductance, L (nH)
0.227
9.32
0.453
4.45
Evidently from Table 4.2, the larger attenuation at frequencies below the resonance for 
the novel DGS pattern, was due to larger inductance incurred by the larger etched square 
area (a = b = 10 mm). At frequencies beyond resonance, the capacitor in the equivalent 
parallel resonant circuit of a DGS pattern took effect, because most current would pass 
through the capacitor due to the lower capacitive reactance at higher frequencies. 
However, as shown in Table 4.2, the capacitance of the novel DGS pattern was quite 
small compared to its inductance value. At 6  GHz, the capacitive reactance was 116.9 Q 
while the inductive reactance was 351.4 Q for the novel DGS pattern. Therefore, a 
combined parallel reactance of 87.7 Q caused less current to be transferred to the load 
and resulted in the large attenuation at 6  GHz as shown back in Figure 4.3. In comparison, 
the improved novel DGS pattern had a capacitive reactance of 58.6 Q and an inductive 
reactance of 167.8 Q . This then resulted in a combined reactance of only 43.4 Q , which 
explained the lower attenuation for the improved DGS pattern at 6  GHz.
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In fact, there is an alternative solution for existing DGS patterns without the 
embedded square patches to alleviate the enlargement of their etched square areas for low 
microwave frequency operations, but this solution comes at a cost. By reducing the 
effective capacitance of a DGS pattern, while maintaining its effective inductance value, 
the resonant frequency can be lowered. To demonstrate this effect, a comparison was 
made between a dumb-bell shaped DGS pattern and the improved novel DGS pattern. To 
achieve a resonant frequency at 3.5 GHz, the dimensions of the improved novel DGS 
pattern were as specified earlier. In order to maintain the same compact size, the etched 
square area of the dumb-bell shaped DGS pattern was fixed at the same dimension as the 
improved novel DGS pattern {a = b = l  mm). The effective capacitance of the dumb-bell 
shaped DGS pattern was then increased by reducing its slot width {g) to 1 //m , in order to 
lower its resonant frequency. Figure 4.4 shows similar S21 responses exhibited by the 
improved novel DGS pattern and the dumb-bell shaped DGS pattern, but at the expense 
of very narrow slot width for the latter DGS pattern. Such fine slot width (g = 1 //m ), 
thus posed a great difficulty in fabrication if low-cost PCB fabrication technique is 
desired. On the other hand, the smallest gap dimension in the improved DGS pattern was 
the gap distance, /, at 0.5 mm. Evidently, the improved novel DGS pattern could be 
fabricated much more easily while maintaining a compact size for operation at low 
microwave frequencies.
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o b i o o i o c n o b i o c n o c n o  
Frequency (GHz)
dumb-bell shaped DGS pattern with slot width, g = 1 um
improved novel DGS pattern where smallest gap in its dimension is 0.5 mm
Figure 4.4. Simulated S21 responses exhibited by the improved novel DGS pattern 
and the dumb-bell shaped DGS pattern, but the latter DGS pattern required a slot 
width, g = 1 jum to achieve the same resonance at 3.5 GHz.
Finally, the existence of electric field between the square conductor patches and 
the outer conductor in the ground plane of the improved DGS pattern, was proven using a 
3-D EM simulator known as HESS (High Frequency Structure Simulator). Figure 4.5 
displays the simulated result.
From Figure 4.5, the intensity of the electric field was evidenced by the green ‘hot 
spots’ on the borders of the square conductor patches embedded within the etched square 
areas, and the outer conductor in the ground plane surrounding the DGS pattern. Hence, 
the increased electric field led to an increase in the effective capacitance of the new DGS 
pattern.
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E F i e l d [ V / m ]
1 . 9894e+00H 
1 . 8651e+004  
1 , 7408e+004  
1 . 8165e+00H 
1 , 4921e+004  
1 . 3678e+004  
1,24356+004  
1.11926+004  
9.94856+003  
8 .70526+003  
7 .48206+003  
6 ,21876+003  
4.97556+003  
3.73236+003  
2.48906+003  
1.24586+003  
2.53456+000
Figure 4.5. In tensity  o f  electric field  w as evidenced  by green ‘hot sp o ts’ on the  
borders o f  square conductor patches and the outer conductor in ground plane.
4.4 Effe c t  o f  V a r ia t io n s  in  Sq u a r e  Pa t c h  A r e a  o n  
Effe c t iv e  Ca pa c it a n c e  Co n t r ib u t io n
In this section, the effect of different square patch areas on the effective 
capacitance of the improved DGS pattern was investigated. Simulations were performed 
by changing the square patch area ( e x w h i l e  the etched circle diameter (d) and the
etched square area ( a x 6 ) were kept constant at 1.4 mm and 7 x 7 mm^ respectively for
all cases. On a substrate with a dielectric constant of 10.5 and a thickness of 0.635 mm, 
the width, w, of the 50 Q microstrip line was 0.566 mm. The gap distance, /, was kept 
constant at 0.5 mm for all cases. Three different square patch areas (c = /  = 6  mm, 5.4
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mm and 5 mm) were simulated and compared with a novel DGS pattern with the same 
dimension, but without the square conductor patches embedded inside the etched square 
areas. Figure 4.6 shows the simulated S-parameters.
- 10 -
-4 0 -
-50
0 1 2 3 4
Frequency (GHz)
improved novel DGS pattern with square patch dimension, e = f = 6 mm 
improved novel DGS pattern with square patch dimension, e  = f = 5.4 mm 
improved novel DGS pattern with square patch dimension, e = f = 5 mm 
novel DGS pattern without square patch
(a) S l l  responses
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Figure 4.6. Comparison of simulated S-parameters of the improved novel DGS 
pattern with three different square patch areas, and a novel DGS pattern without 
the square patches embedded.
From Figure 4.6 (b), the resonance of the improved novel DGS pattern shifted 
lower in frequency as the square patch area increased. The resonant frequency of the 
improved novel DGS pattern with e = / =  6  mm was at 3.53 GHz, while the novel DGS 
pattern without the square patches only exhibited a resonance at 4.67 GHz. The reason 
for the decrease in resonant frequency as the square patch area increased, was due to the 
fact that the larger square patch area has a smaller gap between the square conductor 
patches and the outer conductor in the ground plane. Therefore, a larger electric field was 
established across and in turn, gave rise to a higher effective capacitance value. Since the 
introduction of the square conductor patches caused the relative change in effective
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capacitance to be greater than the relative change in effective inductance (see extracted 
circuit element values in Table 4.3), the resonance was shifted lower in frequency 
(resonant frequency is inversely proportional to the square root of the product of 
inductance and capacitance, so a larger change in capacitance than inductance will cause 
the resonant frequency to be lowered). From Table 4.3, the relative change in effective 
inductance was not as significant as the relative change in effective capacitance, because 
most of the return current would travel on the outer conductor in the ground plane, 
surrounding the improved novel DGS pattern. A less perturbed current return path would 
then result in a small relative change in the effective inductance.
Table 4.3. Comparison of equivalent circuit element values for improved novel DGS 
pattern with different square patch areas.
Etched square area, etched diameter of circle, and gap distance were kept constant at û = 
b = l  mm, d = \ A  mm and / = 0.5 mm respectively for all cases.
Improved novel DGS pattern with embedded patch square areas Novel DGS pattern
Cut-off frequency, _/c 2.17
(GHz)
Resonant frequency,^ 4
(GHz)
Capacitance, C (pF) 0.306
e = /=  5 e = /=  5.4 e = /=  6  
mm mm mm
2 H8  : 1 2
3.863
0.341
3.546
0.453
without square 
patches 
2.1
4.67
0.192
Inductance, L (nH) 5.18 448 4.45 6.05
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4.5 C o n c l u sio n
In this chapter, a novel reduced size band-stop DGS filter was introduced. For low 
microwave frequency applications, there is a requirement to either increase the effective 
inductance or the effective capacitance of a band-stop DGS filter, in order to bring down 
its resonant frequency. However, the increase in effective inductance means that the 
etched square area dimension has to be increased and this resulted in a relatively large 
circuit size at low microwave frequencies. Hence, the alternative approach of lowering 
the resonance by increasing the effective capacitance is a more attractive option. For the 
dumb-bell shaped DGS pattern and the novel DGS pattern discussed in previous chapters, 
the effective capacitance is dependent on the slot width (g) and the gap distance (/) 
respectively. A small gap will definitely result in an increase in the effective capacitance, 
but even for the novel DGS pattern, gap distance in the region of micron is necessary for 
a resonant frequency at 3 GHz. The ability to fabricate such fine gaps comes at the 
expense of sophisticated and costly fabrication techniques. The objective of this chapter 
was to develop a DGS pattern that would lead to an increase in its effective capacitance 
while maintaining its effective inductance, in order to lower its resonance. In addition, 
this pattern must fulfill the criteria of being easily fabricated with existing PCB 
fabrication techniques.
The improved novel DGS pattern consisted of two embedded square conductor 
patches within the etched square areas, to allow the establishment of additional electric 
field across, which in turn gave rise to an increase in effective capacitance. Majority of 
the return current would still flow on the outer conductor in the ground plane, 
surrounding the improved novel DGS pattern. Thus, a less perturbed current return path 
resulted in a small relative change in the effective inductance of the improved novel DGS 
pattern. Comparatively, the relative change in effective capacitance was larger due to the 
introduction of the square conductor patches. Since the relative change in effective 
capacitance was larger than the relative change in effective inductance, the resonance of 
the improved novel DGS pattern was shifted lower in frequency.
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The improved novel DGS pattern was verified by simulations in this chapter, 
along with the novel DGS pattern and dumb-bell shaped DGS pattern to illustrate the 
ability of the former to achieve a lower resonant frequency for the same given dimension. 
Simulation results showed that for an etched square area of  a = b = l  mm, etched circle 
diameter, d = \ A  mm, gap distance, / = 0.5 mm and a square patch area of e = / =  6  mm, 
the improved novel DGS pattern achieved a resonant frequency of 3.55 GHz. On the 
other hand, a novel DGS pattern with the same etched square area and etched circle 
diameter had a higher resonance at 4.67 GHz. Similarly, the dumb-bell shaped DGS 
pattern with the same etched square area dimension but a slot width of 0 . 3  mm, only 
managed to achieve a resonance at 4.84 GHz. Therefore, with the introduction of the 
square conductor patches, the improved novel DGS pattern was able to achieve a 
resonance of 1.1 GHz lower in frequency. An increment of 136% in the effective 
capacitance was obtained with the improved novel DGS pattern, as compared to the novel 
DGS pattern without the embedded square patches. In comparison with the dumb-bell 
shaped DGS pattern, the improved novel DGS pattern achieved a 144% increment in 
effective capacitance. For the novel DGS pattern to have the same resonant frequency, 
the required etched square area would be 10x10 mm^. Hence, the novel DGS pattern 
would occupy a total etched area of 10x21.4 mm^. In contrast, the improved novel DGS 
pattern would only require a total etched area of 7x15.4 mm^ to achieve the same 
objective. A circuit size reduction of 50% in total etched area was thus achieved with the 
new improved DGS pattern.
Simulation results also showed that for the same etched square area dimension at 
a = b = 1 mm, a dumb-bell shaped DGS pattern would need to reduce its slot width to 
1 jiim , in order to achieve the same resonant frequency as the improved novel DGS 
pattern at 3.55 GHz. Clearly, such fine gap width poses a fabrication difficulty with 
cheap fabrication processes and equipment. On the other hand, the smallest dimension in 
the improved novel DGS pattern was its gap distance at 0.5 mm. Thus, the improved 
novel DGS pattern was much easier to fabricate.
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In this chapter, it was shown by simulations that a novel DGS pattern with a 
relatively large etched square area for achieving lower resonance, exhibited an 
asymmetric response above resonance. As a band-stop filter, this is undesirable because 
the main objective for such a filter is to attenuate unwanted signals at resonance and not 
wanted signals above or below resonance. The reason for the asymmetric frequency 
response was due to the larger inductance incurred by the larger etched square areas, 
which then resulted in a larger combined parallel reactance (Z and C in parallel) at 
frequencies beyond resonance. Thus, the reduction in current from the source to the load 
at frequencies beyond resonance, resulted in larger attenuations at these frequencies. In 
contrast, the improved novel DGS pattern exhibited a symmetric frequency response that 
is ideal for band-stop filtering application.
The effect of variations in the square patch area on the effective capacitance was 
also investigated. The larger the square patch area, in other words, the closer the gap 
between the square conductor patches and the outer conductor surrounding the improved 
novel DGS pattern, the lower the resonant frequency. This was due to the fact that the 
smaller gap resulted in a larger electric field across and in turn, gave rise to a larger 
effective capacitance. The larger relative increase in effective capacitance than the 
effective inductance, resulted in a lower shift in resonant frequency. For the same etched 
square area dimension and etched circle diameter given earlier, the resonant frequency of 
a square patch area, e = / -  6  mm, was at 3.55 GHz. A smaller square patch area o f e = f =  
5 mm gave a resonant frequency at 4 GHz.
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5 P r a c t i c a l  I m p le m e n ta t io n  o f  t h e  
Im p r o v e d  N o v e l  DGS P a t t e r n
5.1 In t r o d u c t io n
In this chapter, practical implementations of the improved novel DGS pattern 
were carried out to verify the simulated results in the previous chapter. The experimental 
setup was the same as described in Chapter 3.
5.2 E x p e r im e n ta l  V e r i f i c a t i o n  o f  t h e  Im p r o v e d  N o v e l  
DGS P a t t e r n  in  C o m p a r iso n  w i t h  t h e  N o v e l  DGS 
AND D u m b -b e ll  S h a p ed  DGS P a t t e r n s
The feasibility of the improved novel DGS pattern was investigated 
experimentally here, in comparison with the novel DGS pattern and the dumb-bell shaped 
DGS pattern. On a substrate with a dielectric constant of 10.5 and a thickness of 0.635 
mm, the width of the microstrip line was 0.566 mm, which corresponded to a 50 Q line. 
The etched square area dimension was fixed ata = b = 7 mm for all three DGS patterns. 
For the novel DGS pattern and the improved novel DGS pattern, the etched circle 
diameter and gap distance were kept constant at <7 = 1.4 mm and / = 0.5 mm respectively. 
The other additional parameter for the improved novel DGS pattern is the square patch 
area, which was fixed at e = f =  6 mm. As for the slot width of the dumb-bell shaped 
DGS pattern, it was fixed at 0.3 mm. Figures 5.1 to 5.3 show the measured results of each 
DGS pattern, along with their simulated results.
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simulated improved novel DGS pattern with square patch area, e = f = 6 mm 
measured improved novel DGS pattern with square patch area, e = f = 6 mm
Figure 5.1. Simulated and measured S-parameters of the improved novel DGS 
pattern with square patch area, e = f = 6  mm.
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simulated novel DGS pattern without square conductor patches 
measured novel DGS pattern without square conductor patches
Figure 5.2. Simulated and measured S-parameters of the novel DGS pattern without 
the square conductor patches.
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simulated dumb-bell DGS pattern with slot width, g = 0.3 mm 
measured dumb-bell DGS pattern with slot width, g = 0.3 mm
Figure 5.3. Simulated and measured S-parameters of the dumb-bell shaped DGS 
pattern with slot width, g = 0.3 mm.
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The measured results in Figures 5.1 to 5.3 showed good agreement with their respective 
simulated results. A comparison between the measured frequency responses of the three 
DGS patterns is shown in Figure 5.4.
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measured improved novel DGS with square patch area, e = f = 6 mm 
measured novel DGS without square conductor patches 
measured dumb-bell DGS with slot width, g = 0.3 mm
Figure 5.4. Comparison of measured S-parameters between the dumb-bell shaped 
DGS, novel DGS and improved novel DGS patterns.
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From Figure 5.4, the improved novel DGS pattern exhibited a resonance at 3.57 
GHz, while the novel DGS pattern and the dumb-bell shaped DGS pattern only managed 
to achieve a resonance at 4.65 GHz and 4.89 GHz respectively. In comparison, the 
improved novel DGS pattern achieved a 1.08 GHz lower in resonance than the novel 
DGS pattern, and was 1.32 GHz lower in resonance than the dumb-bell shaped DGS 
pattern. The lower attenuation exhibited by the improved novel DGS pattern at resonance 
compared to the other two patterns, was due to additional loss through the gap between 
the square conductor patches and the outer conductor surrounding the pattern in the 
ground plane. From the measured frequency responses, the effective capacitance (Q  and 
inductance (Z) of the improved novel pattern were extracted and compared with the other 
two patterns in Table 5.1.
Table 5.1. Comparison of equivalent circuit element values extracted from 
measured S-parameters of the improved novel DGS pattern, the novel DGS pattern 
and the dumb-bell shaped DGS pattern.
Dumb-bell shaped 
DGS pattern
Novel DGS 
pattern
Improved novel 
DGS pattern
Parameter dimensions g  = 0.3 mm, 
a = b ^ l mm
d=  1.4 mm,
I = 0.5 mm, 
a = h = l mm
d=  1.4 mm,
7 = 0.5 mm, 
a = b = l  mm, 
e = /=  6 mm
Cut-off frequency, (GHz) 1.9 1.88 2
Resonant frequency,/ (GHz) 4.89 4.65 3.57
Capacitance, C (pF) 0.149 0.165 0.364
Inductance, Z (nH) 7.11 7.08 5.46
As shown in Table 5.1, the improved novel DGS pattern exhibited a larger 
effective capacitance than the novel DGS pattern and the dumb-bell shaped DGS pattern. 
A percentage relative increase of 120.6% in effective capacitance was obtained with the 
improved novel DGS pattern, compared to the novel DGS pattern. In comparison with
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the dumb-bell shaped DGS pattern, an increase of 144% in effective capacitance was 
achieved with the improved novel DGS pattern. The smaller relative decrease in effective 
inductance (-23%) for the improved novel DGS pattern indicated that the current return 
path was not perturbed significantly by the introduction of the square conductor patches.
5.3 S iz e  R e d u c t io n  a n d  S y m m e tr ic  F r e q u e n c y  
R e sp o n se  o f  Im p r o v ed  N o v e l  DGS P a t t e r n  a t  L o w  
M ic r o w a v e  F r e q u e n c ie s
The improved novel DGS pattern was shown in the previous chapter to be 50% 
smaller in size than the novel DGS pattern because of its increased effective capacitance 
for the same etched square area dimension. In order to achieve the same resonance for the 
novel DGS pattern at low microwave frequencies, one approach is to enlarge its etched 
square area dimension. However, as shown in the previous chapter, an enlarged etched 
square area dimension not only increased the overall circuit size, but also resulted in an 
asymmetric frequency response that is non-ideal for band-stop filter application. This 
section proves experimentally, the size reduction and symmetric frequency response of 
the improved novel DGS pattern at low microwave frequencies.
In the previous section, the improved novel DGS pattern required an etched 
square area dimension of a = b = l  mm, and a square patch area dimension of e = / =  6 
mm to achieve a resonant frequency at 3.5 GHz. A novel DGS pattern with an enlarged 
square area dimension of a = b = 10 mm that would give the same resonant frequency, 
was fabricated and compared with the improved novel DGS pattern. The etched circle 
diameter and gap distance of the novel DGS pattern were kept the same as the improved 
novel DGS pattern in the previous section (d = 1.4 mm and I = 0.5 mm). Figure 5.5 
shows the comparison between the two patterns.
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Figure 5.5. Comparison of measured S-parameters of the improved novel DGS 
pattern with an etched square area oia  = b = l  mm and a square patch area of e = /  
= 6 mm; and a novel DGS pattern with an etched square area of a = = 10 mm.
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From Figure 5.5, the novel DGS pattern achieved almost the same resonant 
frequency as the improved novel DGS pattern, but at the expense of much larger etched 
square areas. In comparison, the improved novel DGS pattern required smaller etched 
square areas and was thus, 50% smaller in total etched area than the novel DGS pattern. 
Furthermore, the frequency response of the improved novel DGS pattern was symmetric, 
in contrast to the asymmetric frequency response exhibited by the novel DGS pattern. At 
2 GHz, the attenuation was only 3 dB for the improved novel DGS pattern, while the 
attenuation was 7.8 dB for the novel DGS pattern. Similarly, at 5 GHz, the attenuation 
was 3.9 dB for the improved novel DGS pattern, while the attenuation was 14.8 dB for 
the novel DGS pattern. Such asymmetric frequency response of the novel DGS pattern is 
not ideal for band-stop filter application because the main objective of a band-stop filter 
is to attenuate undesired signals at the resonant frequency, and not to attenuate wanted 
signals above or below resonance. The larger attenuation that resulted in the asymmetric 
frequency response of the novel DGS pattern was as explained in the previous chapter, 
due to the large effective inductance that arose from the large etched square areas. Figure 
5.6 shows a photograph of the improved novel DGS pattern and the novel DGS pattern 
with the much larger etched square areas in order to achieve the same resonant frequency.
Figure 5.6. Photograph showing the improved novel DGS pattern on the left, and 
the novel DGS pattern with a much larger etched square area to achieve the same 
resonant frequency on the right.
145
C h a p t e r  5 : P r a c t i c a l I m p l e m e n t a t io n o f  Th e  I m p r o v e d  N o v e l  D G S  P a t t e r n
5.4 Ex p e r im e n t a l  St u d y  o n  t h e  E ffe c t  o f  V a r ia t io n s  in  
Sq u a r e  Co n d u c t o r  Pa t c h  A r e a  D im e n sio n
In the previous chapter, the effect of the square conductor patch area dimension 
was investigated through simulation. A larger square conductor patch area was shown to 
exhibit a lower resonance due to the larger effective capacitance that arose from the 
larger electric field across the smaller gap, between the conductor patches and the outer 
conductor surrounding the DGS pattern. The objective of this section was to prove this 
point experimentally.
Three improved novel DGS patterns with square conductor patch area dimensions, 
e = /  = 6 mm, e = / =  5.4 mm and e = / =  5 mm were compared. The etched square area, 
etched circle diameter and gap distance were kept constant at a  = = 7 mm, d = \ A  and / 
= 0.5 mm for all cases. The simulated and measured S-parameters of the improved novel 
DGS pattern with square patch area dimension of e = / =  6 mm, were already shown back 
in Figure 5.1. Here, figures 5.7 and 5.8 show the measured S-parameters for square patch 
area dimensions of e = / =  5.4 mm and e = / =  5 mm, along with their simulated S- 
parameters.
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simulated improved novel DGS pattern with square patch area, e = f = 5.4 mm 
measured improved novel DGS pattern with square patch area, e = f = 5.4 mm
Figure 5.7. Simulated and measured S-parameters of the improved novel DGS 
pattern with square patch area, e = f = S A  mm.
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Figure 5.8. Simulated and measured S-parameters of the improved novel DGS 
pattern with square patch area, e = f = S  mm.
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The measured results in figures 5.7 and 5.8, show good agreement with their 
respective simulated results. A comparison of the three different square patch area 
dimensions is shown in Figure 5.9.
- 5 -  
- 10 -  
-1 5 -  
“  - 20 -  
^  -2 5 -  
cn -3 0 -  
- 3 5 -  
- 4 0 -  
-45
0 1 2 3 4 5 6
Frequency (GHz)
(a) M easured  S l l  responses
- 1 0 -
CÛ
3 . -20
CM
CO
- 3 0 -
-40
0 1 2 3 4 5 6
F req u en cy  (GHz)
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measured improved novel DGS pattern with square patch area, e = f = 6 mm 
measured improved novel DGS pattern with square patch area, e = f = 5.4 mm 
measured improved novel DGS pattern with square patch area, e = f = 5 mm
F igure 5.9. C om parison  o f  three d ifferent square patch area d im ensions.
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From Figure 5.9 (b), the resonant frequency decreased as the square patch area 
increased. For a square patch area dimension of e = / =  5 mm, the resonant frequency was 
at 4.1 GHz, while a larger square patch area dimension of e = / =  6 mm gave a lower 
resonant frequency at 3.57 GHz. Table 5.2 summarises the extracted effective 
capacitances and inductances of the three different square patch areas.
Table 5.2. Extracted equivalent circuit element values of different square patch 
areas.
Etched square area, etched diameter of circle, and gap distance were kept 
constant at a  = = 7 mm, <7= 1.4 mm and / = 0.5 mm respectively for all cases.
Improved novel DGS pattern with embedded patch square areas
e = /=  5 mm e = /=  5.4 mm e = /=  6
mm
Cut-off frequency, /c 2 1.98 2
(GHz)
Resonant frequency,7r 4.1 3.78 3.57
(GHz)
Capacitance, C (pF) 0.248 0.304 0.364
Inductance, L (nH) 6.06 5.83 5.46
Evidently from Table 5.2, a larger square patch area resulted in a larger effective 
capacitance. A percentage increase in effective capacitance of 47% was obtained with the 
square patch area dimension of e = / =  6 mm, relative to the square patch area dimension 
of e = / =  5 mm. Notice that the effective inductance of the improved novel DGS pattern 
decreased with a larger square patch area. The percentage decrease in effective 
inductance from a square patch area dimension of e = / =  5 mm to a square patch area 
dimension of e = / =  6 mm was 10%. This was due to the fact that a larger square patch 
area induces more current across the gap between the square conductor patches and the
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outer conductor surrounding the DGS pattern in the ground plane. In turn, a shorter 
current return path gives rise to a smaller effective inductance.
5.5 C o n c l u sio n
In this chapter, the improved novel DGS pattern was shown experimentally to 
exhibit increased effective capacitance, due to the introduction of square conductor 
patches within the etched square areas. The square conductor patches allowed more 
electric field to be established across the gap, between the conductor patches and the 
outer conductor surrounding the DGS pattern in the ground plane. As a result, the larger 
electric field gave rise to a larger effective capacitance.
The improved novel DGS pattern was compared with a novel DGS pattern and a 
dumb-bell shaped DGS pattern, both of which were without the embedded square 
conductor patches. For the same etched square area dimension of a = b = 1 mm, the 
improved novel DGS pattern with a square patch area of e = /  = 6 mm achieved a 
resonance at 3.57 GHz, while the novel DGS pattern (same etched circle diameter and 
gap distance as the improved novel DGS pattern) and the dumb-bell shaped DGS pattern 
with a slot width of 0.3 mm, only managed to achieve resonances at 4.65 GHz and 4.89 
GHz respectively. In comparison with the novel DGS pattern, the improved novel DGS 
pattern achieved a 1.08 GHz lower in resonance. Similarly, a 1.32 GHz lower in resonant 
frequency was obtained with the improved novel DGS pattern, as compared to the dumb­
bell shaped DGS pattern. Extracted equivalent circuit element values from the measured 
results of the three patterns, showed that a percentage relative increase of 120.6% in 
effective capacitance was obtained with the improved novel DGS pattern, as compared to 
the novel DGS pattern. In comparison with the dumb-bell shaped DGS pattern, an 
increase of 144% in effective capacitance was achieved with the improved novel DGS 
pattern. A smaller relative decrease in effective inductance (-23%) for the improved 
novel DGS pattern indicated that the current return path was not perturbed significantly 
by the introduction of the square conductor patches.
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The size reduction and symmetric frequency response of the improved novel DGS 
pattern at low microwave frequencies were confirmed experimentally by comparing with 
a novel DGS pattern that required much larger etched square areas to achieve the same 
resonant frequency. The etched square area dimension of the novel DGS pattern required 
to achieve a resonance at 3.5 GHz was a = b = 10 mm. To achieve the same resonant 
frequency, the etched square area dimension of an improved novel DGS pattern with a 
square patch area dimension of e = f =  6 mm, was only a = b = l  mm. Thus, a 50% size 
reduction in total etched area was achieved with the improved novel DGS pattern. The 
asymmetric frequency response due to the enlarged etched square areas of the novel DGS 
pattern was clearly shown in its measured results. In contrast, the improved novel DGS 
pattern exhibited a symmetric frequency response because of the preservation of its much 
smaller etched square area dimension, while only increasing its square patch areas to 
achieve resonance at lower microwave frequencies. As such, the improved novel DGS 
pattern was proven to be suitable for band-stop filter application at low microwave 
frequencies.
The effect on variations in the square patch area dimension was also verified on 
the bench experimentally. Three different square patch areas with the same etched square 
area, etched circle diameter and gap distance were compared. It was shown that a larger 
square patch area resulted in a lower resonant frequency due to the establishment of a 
larger electric field across the smaller gap, between the square conductor patches and the 
other conductor surrounding the DGS pattern in the ground plane. Hence, the larger 
electric field gave rise to a larger effective capacitance that led to a smaller resonant 
frequency. Extracted effective capacitance values showed that a 47% increase in effective 
capacitance was obtained from a square patch area dimension of e = /=  5 mm to a square 
patch area dimension of e = /=  6 mm.
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6 A  T w o - S e c t io n  D G S Im p ed a n ce  
T r a n s f o r m e r
6.1 In t r o d u c t io n
DGS has found numerous applications in many microwave circuits as discussed 
in Chapter 1. One of the most attractive features of the DGS is its high characteristic 
impedance, which allowed high impedance microstrip lines to be fabricated easily. Lim et 
al. [29] exploited this feature to obtain the two high impedance sections of 150 Q in a 10 
dB branch line coupler (see Section 1.7.1 of Chapter 1). Another attractive feature of the 
DGS is the fact that, microstrip lines with DGS have longer electrical length compared to 
conventional microstrip lines for the same physical length. Hence, DGS were commonly 
implemented to reduce the size of many microwave circuits [29]-[31].
In this chapter, the attractive features of the DGS were applied to a two-section 
impedance transformer. Impedance transformers are widely used as impedance matching 
networks. A single section impedance transformer is often inadequate for wide bandwidth 
applications, where multiple sections are needed to achieve the required broader 
bandwidth. An issue arises for the implementation of impedance transformers on a high 
dielectric constant substrate, where very fine microstrip lines are required to obtain high 
characteristic impedance values. In addition, multi-section impedance transformers often 
occupy a large circuit space. The implementation of DGS in impedance transformers 
would allow high impedance microstrip lines to be fabricated easily, and at the same time, 
achieves circuit minimisation.
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6.2 T he  T h e o r y  o f  Sm a l l  R e fl e c t io n s
Before the discussion of the two-section DGS impedance transformer, it is 
necessary to explain the underlying theory behind the principle of the impedance 
transformer. This theory is generally referred to as the theory of small reflections. In this 
section, an insight to the transmission and reflection of waves in a single section 
transformer was first given. This was then extended to a multi-section transformer and 
finally, led to the discussion of how a binomial multi-section transformer is designed.
6.2.1 M u l t ipl e  Re f l e c t io n s  in  A  Sin g l e  Se c t io n
Im pe d a n c e  Tr a n sfo r m e r
In a single section impedance transformer, there are multiple reflections due to the 
difference in impedances as shown in Figure 6.1. From the figure, the partial reflection 
and transmission coefficients are determined as:
^2  — T j , (6.2)
+ %2
ZiT —
3 “r ,  =  T  J , (6.3)
2 7
7’2 i = l  +  r , = - ^ ,  (6 .4)
1 2
2 7
^ 2  -   ^+ ^2 = — (6.5)
1 d" ^2
where the quantities are defined in figure 6.1 (overleaf).
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Figure 6.1. Partial reflections and transmissions in a single section impedance 
transformer.
The total reflection, T , can then be found as an infinite sum of partial reflections and 
transmissions:
r = r, + +....
n-0
(6.6)
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The geometric series,
CO 1
«=0 ^
for U < 1,
X
is applied to Equation (6.6) to obtain a closed form expression as:
T  T  T
Using Equations (6.2), (6.4) and (6.5), the terms 7^2, ^ 2 1  r 2 in Equation (6.7) is 
expressed in F j as:
If the change in impedance values between Zi, Z2 and Z2, Z l are small, then jF^Fg | <K 1, 
so Equation (6.8) is approximated as:
r = r ,+ r 3 g - ^ ^ '^  (6 .9 )
Hence, from Equation (6.9), it can be seen that the total reflection is dominated by the 
initial reflection between Z\ and Z2 (F j ), and the first reflection between Z2 and Z l (Fg ).
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6,2.2 M u l t ipl e  Re f l e c t io n s  in  A  M u l t i-se c t io n  
Im pe d a n c e  Tr a n sf o r m e r
The multiple reflections of a single section impedance transformer were extended 
to a multi-section transformer here. Figure 6.2 illustrates a N-section transformer and the 
partial reflections and transmissions at each section.
e e Q■<  ►
^0 ^1 ^2   \
 o o o o-------- a-
T o F i  Y i  F N
Figure 6.2. Partial reflections and transmissons in an N-section impedance 
transformer.
From Figure 6.2, the partial reflection coefficients are given as:
r o = f - f >  (6.10)
(6.11)
r „ = | ^  (6.12)
where n denotes a particular section.
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With the assumptions that the impedance increases or decreases monotonically across the 
transformer and that Zl is real, will be real and of the same sign. Using results in
Section 6.2.1, the overall reflection coefficient is approximated as:
T {9)  = TQ + T^e-'^^^ + + (6.13)
Hence, by the proper choice of F^ and number of sections, any desired reflection 
coefficient response as a function of frequency (^) can be synthesized. In the next
section, this theory was shown to design a multi-section transformer with a binomial 
(maximally flat) passband response.
6.2.3 D e sig n  o f  A  B in o m ia l  M u l t i-se c t io n  Tr a n sf o r m e r
A binomial multi-section transformer gives a passband response that is maximally 
flat at the design frequency. To obtain optimum flat response for an N-section 
transformer, the first N-1 derivatives of |F(^)| must be zero at the centre frequency (X ) • 
An expression that satisfies the above criteria is:
r ( û )  = A(l + e-^^^f  (6.14)
where the magnitude |F(^)| is:
= 2"|^||cos6»f (6.15)
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At the centre frequency, , where / = 2 / 4 and 0 = p l - n l l \  the magnitude |r(^ ) |=  0 
and that <7" |r(^)|/<7^” = 0 for n = 1, 2 , ......, N-1.
The constant^ in Equation (6.15) can be determined by letting ^ = 0, which becomes:
|r(o ) | = 2 " |^ | =
Rearranging the above expression, the constant ^  can be found as:
- N (6.16)
Using the binomial expansion, |r(0)| in Equation (6.14) can be expanded as:
T{0)  = A
'  - 2  jO ^
1 + g = A ^  C j^e  
T7=0
(6.17)
N lwhere C =  --------—  are the binomial coefficients, and =C^  Q  = 1, and
{ N - n ) l n l  " °
The next key step is to equate Equation (6.17) to Equation (6.13):
T{0) = AT Cne =r^ +^T^ e +...+r^e (6.18)
which shows that the reflection coefficients must be, .
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Thus, the characteristic impedances at each different section, Zn, can now be found via 
Equations (6.10), (6.11) and (6.12). However, a simpler approximate solution is obtained 
by assuming that are small, so that:
and since ln% = 2(%-l)/ (% + l),  the above expression becomes:
Substituting = AC^ , where ^ 4 is obtained from Equation (6.16), the expression 
becomes:
l n ^  = 2 r ,  =2.4C„" = 2 ( 2 - " ) | ^ - ^ C  = 2 -" C „ " ln |^  (6.19)
Thus, Equation (6.19) can be used to find the approximate solution for , starting from
n = 0. To obtain exact solutions for the impedances at each section, the effect of multiple 
reflections in each section have to be numerically solved. The exact results of such 
computations for a binomial multi-section transformer, are given in Appendix III.
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6.3 D e sig n  a n d  Sim u l a t io n s  o f  A  Tw o -se c t io n  D G S  
Im pe d a n c e  Tr a n sfo r m e r
With the underlying principle of the impedance transformer explained in the 
previous section, a two-section DGS impedance transformer was designed and simulated. 
In consideration for the impedance transformer to be able to match high impedance 
values, the DGS pattern must itself exhibit a high characteristic impedance. However, 
DGS patterns with narrow slots in their centres, such as the dumb-bell shaped DGS 
pattern, limit the characteristic impedance range they can achieve. This is due to the fact 
that the centre slot gives rise to substantial effective capacitance contribution. From the 
lossless characteristic impedance equation, = VZTc , a higher effective capacitance
value for a given effective inductance, will result in a smaller characteristic impedance. 
As such, the rectangular DGS pattern [38] in Figure 6.3 is ideal for the application in 
impedance transformers because it has no narrow slot and will therefore, minimise the 
effective capacitance contribution. This in turn gives rise to a higher characteristic 
impedance.
Rectangular DGS pattern 
in ground plane
Microstrip
line
Figure 6.3. Rectangular DGS pattern proposed for implementation in impedance 
transformer.
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A comparison by simulation, between the rectangular and dumb-bell shaped DGS 
patterns was given in Figure 6.4, to illustrate the higher characteristic impedance of the 
rectangular DGS pattern. The dumb-bell shaped DGS pattern was designed with an 
etched square area of  a = b = 5.6 mm, and a slot width of g  = 1 mm. For comparison 
purposes, the rectangular DGS pattern was designed to have the same etched length and 
width as the dumb-bell shaped DGS pattern. Hence, the length of the rectangular DGS 
pattern corresponded t o h =  11.8 mm, while its width was i = 5.6 mm. On a substrate with 
a dielectric constant of 10.5 and a thickness of 0.635 mm, the 50 Q microstrip line 
corresponded to a width of 0.566 mm, with a physical length of 8 mm. Figure 6.4 shows 
the comparison of impedance and phase characteristics of the dumb-bell shaped DGS 
pattern and the rectangular DGS pattern.
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Figure 6.4. Comparison of simulated impedance and phase characteristics between 
the rectangular DGS pattern and the dumb-bell shaped DGS pattern.
From Figure 6.4(a), the rectangular DGS pattern evidently yielded a higher characteristic 
impedance than the dumb-bell shaped DGS pattern. However, the phase characteristics in 
Figure 6.4(b), showed that the dumb-bell shaped DGS pattern achieved a slightly longer 
electrical length for the same physical length as the rectangular DGS pattern. This was 
especially true for frequencies beyond 2 GHz. For instance at 3 GHz, the phase of the 
dumb-bell shaped DGS pattern was -109.2°, while the phase of the rectangular DGS 
pattern was only -91.4°. Nevertheless, the ability of the rectangular DGS pattern to 
obtain much higher characteristic impedance than the dumb-bell shaped DGS pattern, 
meant that a smaller etched rectangular area was only required to obtain the same 
characteristic impedance as the dumb-bell shaped DGS pattern. Therefore, the 
rectangular DGS pattern is suitable for applications in impedance transformers, since the 
pattern exhibits high characteristic impedance and at the same time, reduces the overall 
circuit size.
163
C h a p t e r  6: A  T w o -S e c t i o n  DGS I m p e d a n c e  Tr a n s f o r m e r
The rectangular DGS pattern was then applied to each quarter-wave section of a 
two-section impedance transformer as shown in Figure 6.5, for matching an impedance 
from 50 Q to 200 Q at 2.45 GHz. From the binomial transformer design Table in 
Appendix III, the first quarter-wave section of the transformer would require an 
impedance of 70.71 Q , while the second quarter-wave section would require an 
impedance of 141.4 Q . On a substrate with a dielectric constant of 10.5 and a thickness 
of 0.635 mm, a conventional microstrip would require a line width of 0.24 mm and a 
length of 11.44 mm to obtain the first quarter-wave section. For the second quarter-wave 
section, a conventional microstrip line would require a width of 8.54 um and a length of 
12.95 mm. The very narrow line width of the second quarter-wave section would pose a 
fabrication difficulty with conventional PCB fabrication techniques. In contrast, the DGS 
transformer only required a uniform microstrip line width of 0.566 mm, which 
corresponded to a 50 Q line. To obtain the required impedance and quarter-wavelength of 
each section at the design frequency, the length, h, and the width, /, of the rectangular 
DGS pattern, as well as the length of the microstrip line were necessary to be optimised 
simultaneously. As such, the involvement of so many parameters required a lot of 
computation time.
first quarter-wave second quarter-
section, /, = 10.8 wave section, ^  = 
mm 9.5 mm
/, = 7.3 mm
= 3.42 mm
= 16.7w =  0.57 = 5.46
microstrip
line
rectangular DGS pattem s in 
ground plane
(a) (b)
Figure 6.5. (a) Schematic of the two-section DGS transformer (b) A photograph of 
the fabricated two-section DGS impedance transformer
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For the first section (70.71 Q ) of the transformer, the optimised length and width 
of the rectangular DGS pattern were found to be hi = 5.46 mm and ii = 3.42 mm 
respectively. The optimised length of the microstrip line that would give the quarter-wave 
requirement for the specified rectangular DGS pattern design parameters just mentioned, 
was 10.8 mm. Figure 6.6 shows the simulated characteristic impedance and phase for the 
first quarter-wave section of the DGS transformer.
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Figure 6.6. Simulated impedance and phase characteristics of the first quarter-wave 
section of the DGS transformer.
The simulated results in Figure 6.6, showed a characteristic impedance of 69.4 Q and a 
phase delay of 89.9° at 2.45 GHz. Thus, the obtained simulated results agreed well with 
the required impedance (70.71 Q ) and electrical length (90°).
Next, the second section of the transformer was designed and simulated with the 
rectangular DGS pattern implemented. The optimised length and width of the rectangular 
DGS pattern for this section were found to be h2 = 16.7 mm and = 7.3 mm respectively. 
The optimised length of the microstrip line was 9.5 mm. Figure 6.7 shows the simulated 
characteristic impedance and phase for the second quarter-wave section of the DGS 
transformer.
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Figure 6.7. Simulated impedance and phase characteristics of the second quarter- 
wave section of the DGS transformer.
Again, as shown in Figure 6.7, the simulated characteristic impedance of 142.7 Q and 
phase delay of 90.7° at 2.45 GHz agreed well with the required impedance (141.4 Q ) and 
electrical length (90°).
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The two DGS sections were then cascaded together to form the overall 
transformer circuit. Figure 6.8 shows the simulated return loss of the two-section DGS 
impedance transformer, with the second quarter-wave section connected to an ideal 
200 Q load, and the first quarter-wave section connected to a 50 Q source.
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Figure 6.8. Simulated return loss and transmission loss of the two-section DGS 
impedance transformer.
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As shown in Figure 6.8 (a), the simulated return loss of the two-section DGS impedance 
transformer was reasonably good. The return loss was > 15 dB from 1.7 GHz to 2.8 GHz. 
Transmission loss was minimal from 1.57 GHz to 2.7 GHz, where a maximum loss of 
only 0.3 dB was observed within this range.
6.4 Pr a c t ic a l  Im p l e m e n t a t io n  o f  th e  Tw o -Se c t io n  
D G S Im pe d a n c e  T r a n sf o r m e r
The two-section DGS impedance transformer in the previous section was 
fabricated and verified experimentally by a one-port S-parameter measurement in this 
section. The DGS transformer was implemented on a substrate with a dielectric constant 
of 10.5 and a thickness of 0.635 mm. The first DGS quarter-wave section only required a 
microstrip length of 10.8 mm, while the second DGS quarter-wave section required a 
microstrip length of 9.5 mm. Hence, a 16.8% reduction in the overall transformer 
physical length was obtained, compared to a transformer with conventional microstrip 
lines. The dimensions of the rectangular DGS pattems were as mentioned in the previous 
section (see Figure 6.5).
The fabricated DGS transformer was then mounted on a Wiltron 368OK test 
fixture, where the end of the fixture that was connected to the first quarter-wave section 
was terminated with a 50Q load. The other end of the fixture was connected to the port 
of an Agilent 8753E VNA. Using a function in ADS (Advanced Design System) 
simulator, the measured one port S-parameter was then converted to Z-parameter and 
normalised to the desired characteristic impedance of 200 Q , before converting back to 
S-parameter. Figure 6.9 shows the measured return loss, along with the simulated return 
loss for comparison.
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Figure 6.9. Comparison of simulated and measured return loss of the two-section 
DGS transformer.
From Figure 6.9, the measured return loss showed reasonable agreement with the 
simulated return loss. The narrower bandwidth of the measured DGS transformer could 
be due to the imperfect quarter-wave physical length section that arises from fabrication 
errors, or during the process of truncating the circuit board. Nevertheless, a measured 
return loss >15 dB with a bandwidth of 800 MHz (2.7 GHz -  1.9 GHz), close to the 
simulated bandwidth of 1.1 GHz, was achieved with the fabricated DGS transformer.
170
C h a p t e r  6: A  T w o -S e c t i o n  D G S  Im p e d a n c e  Tr a n s f o r m e r
6.5 C o n c l u sio n
A two-section DGS impedance transformer was proposed and practically 
implemented in this chapter. Impedance transformers are often used for matching 
impedances. However, to match a high characteristic impedance such as the input of a 
patch antenna, an impedance transformer with conventional microstrip line often requires 
very fine line width to realise the high impedance quarter-wave section; although it 
depends on the dielectric constant and substrate thickness. Consequently, the fine 
microstrip line width poses fabrication difficulty with the use of cheap fabrication 
processes and equipment. Furthermore, to achieve broad bandwidth, multiple quarter- 
wave sections are often cascaded together, which then increase the overall circuit size. 
Back in Chapter 1, DGS was shown in several literatures to be able to achieve high 
characteristic impedance and reduce circuit size. As such, DGS was adopted in a two- 
section impedance transformer for matching an impedance from 50 Q to 200 Q .
As shown by simulations in this chapter, rectangular shaped DGS pattems were 
able to achieve higher characteristic impedance than a dumb-bell shaped DGS pattern. 
Thus, rectangular DGS pattems were implemented on each quarter-wave section of the 
impedance transformer. Due to the high load characteristic impedance of 200 Q , the 
second quarter-wave section requires a characteristic impedance of 141.4 Q . On a 
substrate with a dielectric constant of 10.5 and a thickness of 0.635 mm, an impedance of 
141.4 Q would require a microstrip line width of 8.54 um. In comparison, the DGS 
transformer only required a uniform line width of 0.566 mm, which corresponded to a 
50 Q line. The microstrip line width of 0.566 mm was easily fabricated with conventional 
PCB fabrication techniques. In addition, the DGS transformer is 16.8% shorter in 
physical length than a two-section transformer with conventional microstrip lines. 
Empirical results showed quite good agreement with simulated results, with a retum loss 
> 15 dB for a bandwidth of 800 MHz, close to the simulated bandwidth of 1.1 GHz.
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1  C o n c lu s io n s  a n d  S u g g e s t io n s  f o r  F u t u r e  
W o r k
7.1 Co n c l u sio n s
The initial research work described in this thesis was mainly concerned with the 
investigation and development of a novel DGS pattern that was easier to fabricate than 
currently reported DGS pattems. As such, a large part of this research work was 
dedicated to finding a novel DGS pattern that had no small dimensions in its design, 
which would be easier to fabricate and therefore be less susceptible to fabrication errors. 
The newly conceived DGS pattern further led to the development of another pattern that 
was better in performance and smaller in size, compared to existing DGS patterns at low 
microwave frequencies. Lastly, part of this research was concerned with the investigation 
of a new application for DGS. The research work in this thesis was analysed and 
investigated by computer aided simulations and practical experimentations, based on 
analysis using fundamental physical principles.
Initially, this research first identified a major limitation of the commonly 
employed dumb-bell shaped DGS pattern in many microwave circuits. Simulation results 
showed that, to obtain steep stop-band attenuation slope for good filtering applications, 
the centre slot width in the dumb-bell shaped DGS pattern must be extremely narrow. For 
instance, investigations by simulations illustrated that a DGS low-pass filter that 
consisted of two dumb-bell shaped DGS pattems in cascade, would give an attenuation of 
27.5 dB for an undesired signal that was 800 MHz away from the 3 dB cut-off frequency 
of the filter, provided that the centre slot width (g) was 50 jum. In contrast, for a centre 
slot width (g) of 0.5 mm, the same DGS filter would only give an attenuation of 11.4 dB. 
This was because capacitance contribution is mainly dependent on the slot width (g) and
from the well known resonant frequency equation, = l/2 ;rV zC  ; a steeper attenuation
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slope implies a lower resonant frequency, which is obtained with a larger capacitance by 
narrowing the slot width. However, the narrower the slot width, the greater the difficulty 
of fabrication. Hence, a novel DGS pattern with no narrow slot was developed. In this 
new DGS pattern, the narrow slot was replaced by an etched circle in its centre, where 
two edges of the circle were slightly overlapped into the two etched square areas. Unlike 
the narrow slot width in a dumb-bell shaped DGS pattern, where capacitance is uniform 
along the length of the rectangular slot; capacitance contribution is non-uniform along the 
circumference of the etched circle in the new novel DGS pattern. In fact, it was shown 
that effective capacitance is mainly dependent on the gap distances (/) that join the etched 
circle to the two etched square areas. Hence, an etched circle with a larger centre 
dimension (diameter) can replace the narrow slot, provided the gap distances (/) are 
optimised to achieve the same effective capacitance as the narrow slot. From literature 
review, the effective inductance of a dumb-bell shaped DGS pattern is mainly dependent 
on the two etched square areas. Similarly, the effective inductance of the new DGS 
pattern is mainly influenced by variations in the dimension of the two etched square areas. 
Thus, with the etched square areas kept constant for both the novel DGS and dumb-bell 
shaped DGS pattems, a similar frequency response by the former pattem meant that its 
effective capacitance was the same as the latter pattem; since a DGS pattem is well 
known to have an equivalent parallel LC resonant circuit. Experimental results in this 
work showed that a novel DGS pattern with an etched circle diameter, d  = 0.9 mm, gap 
distance, / = 0.29 mm and etched square area, a = h = l  mm, achieved a similar frequency 
response to a dumb-bell shaped DGS pattem with the same etched square area, but a slot 
width of g  = 0.2 mm. In effect, a centre dimension that was 4.5 times larger than the slot 
width gave the same frequency response, but much easier to fabricate. The alleviation in 
difficulty of fabricating the small centre slot of a dumb-bell shaped DGS pattern with the 
novel DGS pattem, was further illustrated at a lower frequency range. By keeping the 
etched square area fixed at a  = è = 7.5 mm, a novel DGS pattem with etched circle 
diameter, d = \ A  mm and gap distance, / = 0.5 mm, was able to achieve the same 
frequency response as a dumb-bell shaped DGS pattem with a slot width of g  = 0.3 mm. 
Again, a centre dimension that was 4.7 times larger than the slot width was achieved with
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the novel DGS pattem. The larger centre dimension hence, provided further ease in 
fabrication.
The strong dependency of the effective capacitance of the novel DGS pattern on 
its gap distance (/) was practically verified by fabricating three novel DGS patterns with 
different etched circle diameters (d = 0.7 mm, d = \ mm and d = l A  mm). The gap 
distance (I) of each pattem was optimised to achieve the same frequency response as the 
others, to show its dominant influence on the effective capacitance. With the etched 
square area kept constant at a = b = 2 mm, all the three different etched circle diameters 
achieved the same frequency response. Their optimised gap distances were / = 0.2 for d = 
0.7 mm, / = 0.25 mm îor d =  1 mm and / = 0.4 mm for d =  l A  mm. Similarly at a lower 
frequency range by increasing the etched square area to a = h = 1.5 mm, a larger etched 
circle with diameter, <7 = 2.8 mm and gap distance, / = 1.2 mm was able to achieve the 
same frequency response as a smaller etched circle with diameter, <7= 1.4 mm and gap 
distance, / = 0.5 mm. Evidently from the empirical results, the effective capacitance of 
the novel DGS pattern was mainly dependent on the gap distance, rather than its etched 
circle diameter. Thus, unlike the small centre slot of a dumb-bell shaped DGS pattem 
where a fabrication error on the width of the slot would have a detrimental effect on the 
frequency response, the frequency response of the novel DGS pattern is less sensitive to 
any fabrication errors in its circle diameter.
At low microwave frequencies, there is a need to either increase the etched square 
area dimension or narrow the slot width, in order to achieve the low resonant frequency. 
However, enlarging the etched square areas leads to a large circuit space. Furthermore, as 
explained in Chapter 4, there is the detrimental consequence of an asymmetric frequency 
response due to the large effective inductance that results from the enlarged etched square 
areas. As such, the effect of enlarging the etched square areas limits the use of the DGS 
pattem as a band-stop filter at low microwave frequencies, since a symmetric frequency 
response is important for such a filter. Altematively, there is the other option of 
narrowing the slot width to achieve the low resonant frequency, but this comes at the 
expense of expensive and sophisticated fabrication equipment to fabricate the fine slot
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width. In knowledge of these limitations, the novel DGS pattem was further improved by 
the incorporation of square conductor patches within the etched square areas. The 
embedded square conductor patches allowed electric field to be established across the gap 
between the conductor patches and the outer conductor surrounding the pattern in the 
ground plane. As a result, a larger effective capacitance was obtained with the new 
improved DGS pattem. The larger effective capacitance then enabled a lower resonance 
to be reached. An improved novel DGS pattem with a square conductor patch area o fe  = 
f =  6 mm, etched circle diameter, <7= 1.4 mm, gap distance, / = 0.5 mm and etched square 
area, a = h = l  mm, was compared with a dumb-bell shaped DGS pattem with the same 
etched square area dimension, but a slot width of g  = 0.3 mm. From measured results, a 
1.32 GHz lower in resonance was achieved with the improved novel DGS pattem. 
Similarly, in comparison with the novel DGS pattem (without the embedded square 
patches but with the same etched circle diameter, gap distance and etched square area), a 
1.08 GHz lower in resonance was achieved with the improved DGS pattem. Extracted 
equivalent circuit element values from the measured frequency responses, revealed a 
144% and 120.6% increase in effective capacitance for the improved novel DGS pattem, 
in comparison with the dumb-bell shaped DGS pattem and the novel DGS pattem 
respectively. Measured results had also confirmed that a larger square patch area resulted 
in a larger effective capacitance and hence, lower resonance. This was due to the smaller 
gap that allowed the establishment of a larger electric field. A percentage increase in 
effective capacitance of 47% was obtained with a square patch area of e = / =  6 mm, 
relative to a square patch area of e = /=  5 mm.
Results from this work have shown the improved novel DGS pattern to be smaller 
in size at low microwave frequencies. This was possible because there was no 
requirement to enlarge the etched square areas to achieve the low resonant frequency. In 
contrast to a novel DGS pattem with an enlarged square area o ï a  = h=  10 mm that gave 
a resonant frequency at 3.5 GHz, the improved novel DGS pattem only required an 
etched square area of  a = b -  l  mm and an embedded square patch area of e = f =  6 mm 
to achieve the same resonant frequency. Since the square patches were embedded within 
the etched square areas, there was no increase in the overall circuit size. In effect, the
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improved novel DGS pattem was 50% smaller in total etched area than the DGS pattem 
with the enlarged etched square areas. The issue associated with enlarged etched square 
areas was further compounded by the fact that the large effective inductance from the 
large etched square areas causes an asymmetric frequency response. Thus, this limits the 
use of DGS pattems with enlarged etched square areas to achieve the low resonant 
frequency, as band-stop filters. In comparison, experimental results showed that the 
improved novel DGS pattem exhibited a symmetric frequency response that is suitable 
for band-stop filter application.
Finally, a potential application of the DGS in a two-section impedance 
transformer was practically verified. Rectangular DGS pattems were implemented on 
each quarter-wave section of the transformer, for matching an impedance from 50 Q to 
200 Q . On a substrate with a dielectric constant of 10.5 and a thickness of 0.635 mm, the 
high load impedance of 200 Q would require an impedance of 141.4 Q for the second 
quarter-wave section. In a microstrip line implementation, a 141.4 Q .corresponds to a 
line width of 8.54 um. Such fine line width poses a fabrication difficulty with 
conventional PCB fabrication techniques. In contrast, the DGS transformer only required 
a uniform line width of 0.566 mm, which corresponded to a 50 Q line. Furthermore, the 
DGS transformer was 16.8% shorter in overall physical length. Experimental results 
showed a retum loss > 15 dB for a bandwidth of 800 MHz.
7.2 Fu t u r e  W o r k
A number of suggestions for future work can be made to further enhance the 
knowledge of DGS in general, and in particular the DGS circuits discussed in this thesis. 
Firstly, the size of finite ground plane on the performance of a DGS circuit can be 
investigated. So far in this research work, all the DGS circuits were fabricated on a 
sufficiently large ground plane of 3x3 cm^. An interesting further work would be to 
investigate the limit at which the size of the ground plane starts to affect the frequency 
response of a DGS circuit significantly.
176
C h a p t e r  7;  C o n c l u s i o n s  a n d  S u g g e s t i o n s  f o r  F u t u r e  W o r k
A  second suggestion would be to further apply the two-section DGS transformer 
to a three or five sections impedance transformer. In particular, it would be interesting to 
find out if passband loss is still acceptable, due to the increased number of etched DGS 
pattems in cascade. Traditionally, patch antennas are inset fed by a quarter-wavelength 
feed line because of their high input impedances, which then results in spurious radiation 
in the backward direction. With the DGS two-section or multi-section impedance 
transformer, a patch antenna can be connected directly to give a smooth radiation pattem 
in the backward direction than an inset fed patch antenna. Further, instead of using arrays 
of PEG structures as high impedance surfaces to suppress surface waves in patch 
antennas, dumb-bell shaped DGS pattems can be implemented and thus occupy less 
circuit space because of the non-requirement for periodicity. Another point noteworthy 
for further investigation is to cascade two improved novel DGS pattems to form a low- 
pass filter, which would then give a better attenuation slope than a conventional DGS 
low-pass filter for the same etched dimension.
Further research work can also be carried out to investigate the feasibility of 
integrating DGS into multi-layer circuits. For instance, two layers of ground plane, one 
on top of the other, each implemented with DGS pattems, may give better performance 
than a single layer of ground plane with DGS pattems. Apart from better performance, 
DGS pattems implemented on multi-layers can further reduce circuit size than DGS 
pattems on a single ground layer. The isolation of electromagnetic interaction between 
the DGS pattems and the circuit elements in the other layers would pose a challenge to 
this future work.
Lastly, the improved novel DGS pattem can be applied to the output of power 
amplifiers to suppress harmonics and further reduce the size of the circuit as compared to 
amplifiers implemented with conventional DGS pattems.
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A pp e n d ix  I: B u t t e r w o r t h  L o w -Pa ss  F ilter  
D e sig n  Ta b le
Element values for a Butterworth filter with normalised source impedance go= I, and 
normalised 3-dB cut-off angular frequency an = I.
n gi g2 g3 g4 gs g7 gg g9 gio gii
1 2.000 1.000
2 1.414 1.414 1.000
3 1.000 2.000 1.000 1.000
4 0.7654 1.848 1.848 0.7654 1.000
5 0.6180 1.618 2.000 1.618 0.618 1.000
6 0.5176 1.414 ]J%2 1.932 1.414 0.5176 1.000
7 0.4450 1.247 1.802 2.000 1.802 1.247 0.445 1.000
8 0.3902 1.111 1.663 1.962 1.962 1.663 1.111 0.3902 1.000
9 0.3473 1.000 1.532 1.879 2.000 1.879 1.532 1.000 0.3473 1.000
10 0.3129 0.908 1.414 1.782 1.975 1.975 1.782 1.414 0.908 &3129 1.000
where n is the number of elements in the filter, and g^ is the normalised Nth element impedance 
value.
(Source: R. Mongia, I. Bahl and P. Bhartia, "RF and microwave coupled-line circuits^ Artech 
House, pp. 310, 1999)
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A p p e n d ix  II: W iltr o n  3680K  U n iv e r sa l  T e st  
F ix tu r e  Spe c ific a t io n s
Electrical Specifications:
Model
Universal Test 
Fixture Right-Angle Launcher MMIC Attachment
3680-20 3680K 3680V 36801K36801V 36802
Frequency Range (GHz) DC to 20 DC to 40 DC to 60 DC to 40 DC to 60 DC to 60
Return Loss (Coax Calibration, dB):
0.04 to 20 GHz >17 >17 >17 >16 >16 >15
20 to 40 GHz >14 >14 >12 >12 >9
40 to 60 GHz >10 >9 >8
Repeatability of Insertion Loss 
(dB):
0.04 to 20 GHz <±0.10 <±0.10 <±0.10 <±0.15 <±0.15 < ± 0.20
20 to 40 GHz < ± 0.20 < ± 0.20 < ± 0.25 < ± 0.25 < ± 0.40
40 to 60 GHz < ± 0.30 < ± 0.40 < ± 0.60
Test Port Characteristics (When used with the Wiltron 360 Vector Network Analyzer)
Test port characteristics apply after optimum 12-term calibration, using a Wiltron 36804 Calibration Kit.
Frequency
(GHz)
Directivity
(dB)
Source Match 
(dB)
Load Match 
(dB)
0.04 >38 >32 >38
1.0 >38 >32 >38
20 >38 >32 >38
30 >34 >26 >34
40 >34 >26 >34
60 >26 >22 >26
*36804-1OM (0.04 to 60 GHz); 36804-15M (0.04 to 30 GHz); 36804-25M (0.04 to 20 GHz; and 36804-25C (0.04 to 20 GHz)
(Source: http://www.us.anritsu.com/products/ARO/North/Eng/showProd.aspx?&ID= 193)
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A pp e n d ix  III: M ulti-S e c t io n  B in o m ia l
Im pe d a n c e  Tr a n sf o r m e r  D e sig n  Ta b l e
Zi/Zo Zi/Zo
N = 2
Z2/Z0 Zi/Zo
N = 3
Z2/Z0 Z3/Z0
1.0 1.0000 1.0000 1.0000 1.0000 1.0000
1.5 1.1067 1.3554 1.0520 1.2247 1.4259
2.0 1.1892 1.6818 1.0907 1.4142 1.8337
3.0 1.3161 2.2795 1.1479 1.7321 2.6135
4.0 1.4142 :L8285 1.1907 2.0000 23594
6.0 1.5651 3.8336 1.2544 2.4495 4.7832
8.0 1.6818 4.7568 1.3022 2.8284 6.1434
10.0 1.7783 5.6233 1.3409 34623 7.4577
where# is the number of quarter-wave sections, Zl is the load impedance, and Zq is the source 
impedance. Zi, Z2 and Z3 are the impedances at the first, second and third quarter-wave sections 
respectively.
(Source: David M. Pozar, “Microwave Engineering,'^ S"' ed., Addison Wesley, pp. 249, 2003)
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A two-section defected ground structure 
impedance transformer
C.C. Wong and C.E. Free
A two-section defected ground structure (DGS) impedance transformer that 
transforms a high characteristic impedance of 200 Q to an impedance of 50 Q 
is presented. The two quarter-wave sections of the DGS transformer are 
easily fabricated with inexpensive PCB fabrication techniques. Measured 
result shows a bandwidth of 800 MHz with a return loss > 15 dB.
Introduction: In recent years, defected ground structure (DGS) has found 
numerous applications in the design of microwave circuits such as filters, 
amplifiers and couplers [1]-[4]. Etched defects in the ground plane give rise to 
higher effective permittivity and characteristic impedance than a conventional 
microstrip line, due to the additional effective inductance introduced. 
Therefore, DGS is often used to obtain high characteristic impedance and to 
minimise circuit size [2]-[4]. J.S. Lim e t al. [2] implemented three DGS 
patterns on each two sections of a branch line coupler to achieve the high 
characteristic impedance of 150Q , which would otherwise be difficult to 
fabricate if conventional microstrip line is employed. Impedance transformers 
are often used for matching impedances. However, to match a high 
characteristic impedance such as the input of a patch antenna, the width of a 
conventional microstrip line would be impractical to fabricate although it 
depends on the dielectric constant and thickness of substrate. Further, to
186
A p p e n d i x IV :  P h o t o c o p y  o f  P u b l i c a t i o n  A w a it in g  F o r  A c c e p t a n c e
achieve broad matching bandwidth, multiple sections of quarter-wave 
transformers are cascaded together, resulting in an overall increase in circuit 
size. In this Letter, DGS is implemented on a two-section impedance 
transformer that matches an impedance from 50 Q to 200Q. The quarter- 
wave sections of the DGS transformer are easily fabricated using inexpensive 
PCB fabrication techniques. In addition, the DGS transformer is shorter in 
physical length than a transformer with conventional microstrip lines.
DGS transformer design and simulations: Fig. 1 shows the two-section DGS 
transformer with rectangular etched patterns in the ground plane of the 
microstrip line. In order to match an impedance from 50 Q to 2 0 0 Q with a 
binomial passband response, the required characteristic impedances for the 
first and second quarter-wave sections are 7 0 .7 0  and 1 4 1 .40  respectively 
[5]. On a substrate with a dielectric constant of 10.5 and a thickness of 0.635 
mm, a conventional microstrip would require a line width of 0.24 mm and a 
length of 11.44 mm to obtain the first quarter-wave section at a design 
frequency of 2.45 GHz. For the second quarter-wave section, a conventional 
microstrip line would require a width of 8.54 um and a length of 12.95 mm. 
The very narrow line width would pose a fabrication difficulty with conventional 
PCB fabrication techniques. In contrast, the DGS transformer only requires a 
uniform microstrip line width of 0.566 mm, which corresponds to a 5 0 Q line. 
The design parameters of the rectangular DGS patterns are as shown in Fig. 
1, where their widths (/) and lengths (/?), as well as the lengths (I) of each  
microstrip section are optimised by simulations to achieve the required 
characteristic impedance and quarter wavelength simultaneously. Figs. 2 and
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3 show the simulated results of each section using the EM simulator, ADS 
Momentum. The two DGS quarter-wave sections are then cascaded together 
to give the simulated return loss in Fig. 4. A simulated return loss >15 dB with 
a bandwidth of 1.1 GHz is obtained with the DGS transformer.
Experimental result: The feasibility of the DGS transformer is verified by a one 
port S-parameter measurement. The DGS transformer is implemented on a 
substrate with the same properties as mentioned in the previous section. The 
first DGS quarter-wave section requires a microstrip length of 10.8 mm, while 
the second DGS quarter-wave section requires a microstrip length of 9.5 mm. 
Hence, a 16.8% reduction in the overall transformer physical length is 
obtained, compared to a transformer with conventional microstrip line. The 
fabricated DGS transformer is mounted on a Wiltron 3680K test fixture, where 
the end of the fixture that is connected to the first quarter-wave section is 
terminated with a 5 0 0  load. The other end of the fixture is connected to the 
port of the VNA. The measured one port S-parameter is then converted to Z- 
parameter and normalised to the desired characteristic impedance of 2 0 0 0 ,  
before converting back to S-parameter. The measured return loss in Fig 5 
shows good agreement with the simulated return loss in Fig 4, with a 
measured return loss >15 dB for a bandwidth of 800 MHz.
Conclusion: A two-section DGS transformer that matches an impedance from 
5 0 0  to 2 0 0 0  is presented. The 1410  microstrip line required in the second  
quarter-wave section is easily fabricated with PCB fabrication process. The 
overall DGS transformer is 16.8% reduced in physical length than a
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transformer with conventional microstrip line. A measured bandwidth of 800 
MHz with a return loss > 15 dB is achieved.
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Figure captions:
Fig. 1 Schematic of two-section DGS impedance transformer 
Fig. 2 Simulated impedance and phase of first quarter-wave section 
Fig. 3 Simulated impedance and phase of second quarter-wave section 
Fig. 4 Simulated return loss of two DGS quarter-wave sections in cascade 
Fig. 5 Measured return loss of DGS transformer
190
A p p e n d i x IV :  P h o t o c o p y  o f  P u b l ic a  t i o n A  w a it in g  F o r  A c c e p t a n c e
Figure 1
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Figure 5
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